










Analysis of the interlimb similarity of 
motor patterns for improving stroke 
assessment and neurorehabilitation 
 
Oiane Urra Vicario 
 
ADVERTIMENT La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents 
condicions d'ús: La difusió d’aquesta tesi per mitjà del r e p o s i t o r i  i n s t i t u c i o n a l   
UPCommons (http://upcommons.upc.edu/tesis) i el repositori cooperatiu TDX  
( h t t p : / / w w w . t d x . c a t / )  ha estat autoritzada pels titulars dels drets de propietat intel·lectual 
únicament per a usos privats emmarcats en activitats d’investigació i docència. No s’autoritza 
la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició des d’un lloc 
aliè al servei UPCommons o TDX. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a UPCommons (framing). Aquesta reserva de drets afecta tant al resum de presentació 
de la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom 
de la persona autora. 
 
 
ADVERTENCIA La consulta de esta tesis queda condicionada a la aceptación de las siguientes 
condiciones de uso: La difusión de esta tesis por medio del repositorio institucional UPCommons  
(http://upcommons.upc.edu/tesis) y el repositorio cooperativo TDR (http://www.tdx.cat/?locale-
attribute=es) ha sido autorizada por los titulares de los derechos de propiedad intelectual 
únicamente para usos privados enmarcados en actividades de investigación y docencia.  No 
se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a disposición desde 
un sitio ajeno al servicio UPCommons No se autoriza la presentación de su contenido en una 
ventana o marco ajeno a UPCommons (framing). Esta reserva de derechos afecta tanto al 
resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes 
de la tesis es obligado indicar el nombre de la persona autora. 
 
 
WARNING On having consulted this thesis you’re accepting the following use conditions: 
Spreading this thesis by the i n s t i t u t i o n a l  r e p o s i t o r y  UPCommons   
(http://upcommons.upc.edu/tesis) and the cooperative repository TDX (http://www.tdx.cat/?locale-
attribute=en)  has been authorized by the titular of the intellectual property rights only for private 
uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized neither its spreading nor availability from a site foreign to the UPCommons service. 
Introducing its content in a window or frame foreign to the UPCommons service is not authorized 
(framing). These rights affect to the presentation summary of the thesis as well as to its contents. 

























































































































































































































































































the	 major	 goals	 of	 rehabilitation.	 However,	 even	 with	 intensive	 rehabilitation,	
approximately	30%	of	patients	remain	permanently	disabled	and	only	5	to	20%	of	them	





a	 gold	 standard	 to	 study	 functional	 recovery.	 This	 fact	 dramatically	 hinders	 the	
development	of	new	 interventions	since	 it	 turns	difficult	 to	compare	different	clinical	
trials	 and	 draw	 consistent	 conclusions	 about	 therapeutic	 efficiency.	 In	 addition,	
available	 scales	 are	 subjective,	 qualitative	 and	 often	 lead	 to	 incongruent	 outcomes.	
Indeed,	 there	 is	 increasing	 suspicion	 that	 the	 lack	 of	 optimal	 assessment	 measures	
hampers	the	detection	of	benefits	of	new	therapies.	Moreover,	existing	scales	totally	
ignore	the	neuromuscular	state	of	the	patient	masking	the	ongoing	recovery	processes.	
In	 consequence,	making	appropriate	 clinical	 decisions	 in	 such	environment	 is	almost	
impossible.		
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discriminate	 between	 motor	 impairment	 levels.	 The	 innovation	 here	 resides	 in	 the	
concept	 of	 interlimb	 similarity	 (ILS).	 Based	 on	 the	 latest	 findings	 about	 the	modular	
organization	 of	 the	 motor	 system	 and	 taking	 into	 account	 that	 stroke	 provokes	
unilateral	motor	damage,	we	propose	comparing	the	control	structure	of	the	unaffected	
arm	with	the	control	structure	of	the	paretic	arm	to	quantify	motor	impairment.	




the	 patient’s	 own	 physiological	 patterns.	 This	 supposes	 a	 huge	 advance	 taking	 into	
account	the	heterogeneity	of	stroke	pathogenesis.		
On	 other	 hand,	 we	 have	 characterized	 the	 therapeutic	 potential	 of	 Visual	
Feedback	(VF)	as	a	tool	to	purposely	induce	neuroplastic	changes.	We	have	chosen	VF	
among	the	various	interventions	proven	to	improve	motor	performance,	because	VF	is	
a	 cheap	 strategy	 that	 can	 be	 implemented	 in	 almost	 any	 rehabilitation	 center.	We	
demonstrate	 that	 VF	 is	 able	 to	 modulate	 the	 human	 control	 structure.	 In	 healthy	
subjects,	it	seems	that	VF	makes	accessible	the	refined	dominant	motor	programs	for	
the	 nondominant	 hemisphere	 giving	 rise	 to	 an	 increased	 interlimb	 similarity	 of	 the	





and	 avoid	 unwanted	 maladaptive	 neuroplasticity.	 In	 conclusion,	 this	 thesis	 seeks	
moving	 forward	 in	 the	 understanding	 of	 human	motor	 recovery	 processes	 and	 their	
relationship	with	neuroplasticity.	 In	 this	 sense,	 it	provides	 important	advances	 in	 the	
design	of	a	new	biomarker	of	motor	impairment	and	tests	the	power	of	VF	to	modulate	
the	neuromuscular	control	of	patients	with	stroke.		 	
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IMPOSSIBLE IS NOT A FACT. IT'S AN OPINION.  
IMPOSSIBLE IS POTENTIAL.  
IMPOSSIBLE IS TEMPORARY. 















This	 present	 work	 is	 motivated	 by	 the	 relative	 inefficiency	 of	 stroke	
rehabilitation	strategies	that	make	the	life	of	millions	of	stroke	survivors	from	all	over	
the	world	awfully	complicated.	An	insightful	revision	of	the	state	of	the	art	has	driven	




study	 to	 study.	 It	 has	 to	 be	 highlighted	 that	 stroke	 patients	 form	 an	 extremely	
heterogeneous	population,	posing	an	added	difficulty	to	the	already	complex	task	of	




neuromuscular	 information	 about	 the	 patient,	 hampering	 the	 understanding	 of	
physiological	processes	underlying	motor	recovery.	
On	 the	other	hand,	most	of	 the	 rehabilitative	 interventions	are	motivated	by	
empirical	 (and	 often	 qualitative,	 even	 subjective)	 observation	 of	 recovery.	 In	 other	
words,	 these	 practices	 are	 not	 evidence-based.	 In	 general,	 studies	 to	 evaluate	
effectiveness	or	 to	 identify	which	mechanisms	are	activated	by	 the	 intervention	are	
never	performed	or	performed	after	 their	 development	 and	 insertion	 in	 the	 clinical	
practice.	As	a	result,	it	is	very	difficult	to	select	the	therapy	that	best	fits	to	the	specific	
needs	of	each	patient	and	to	reliably	predict	the	expected	prognosis.	






patient	 to	 objectively	 measure	 motor	 impairment	 and	 the	 rehabilitation	
efficiency.	 Such	 scale	 should	 avoid	 the	 negative	 effect	 of	 high	 inter-subject	
variability	


























• To	 investigate	 the	 stroke	 affected	 limb’s	 coordination	 system	 from	 a	
neuromuscular	point	of	view:	EMG	and	muscle	synergies	
• To	identify	the	neuromuscular	differences	that	explain	impaired	motor	function	










• To	validate	 those	markers	with	 clinical	 scales	 such	as	 Fugl-Meyer	Assessment	
















• To	 test	 the	 efficacy	 of	 the	 selected	 rehabilitation	 strategy	 (VF)	 on	 regaining	
motor	 function,	 by	 studying	how	 it	 affects	 the	neuromuscular	 system	and	by	


















We	 introduce	 the	 pathogenesis	 of	 stroke	 and	 its	 clinical	 management	 paying	
special	 attention	 to	 upper-limb	 motor	 impairment.	 We	 also	 review	 current	
advances	in	the	field	of	neurorehabilitation,	motor	coordination	and	kinematics	of	
human	motion	to	set	the	basis	of	the	main	research	lines	presented	here	and	help	




























Each	of	 these	 four	studies	 is	a	self-contained	piece	of	 research	and	 is	organized	
into	three	main	subsections:	(1)	Specific	procedures,	(2)	Results	and	discussion	and	
(3)	 Specific	 Conclusions.	 As	 stated	 previously,	 (1)	 Specific	 procedures	 describes	
methods	 that	 are	 only	 used	 in	 the	 enclosing	 study.	Note	 that	 general	methods	
common	to	all	studies	are	described	in	the	Methods	section.	Following	the	same	
logic,	 (2)	 Results	 and	 discussion	 reports	 the	 most	 remarkable	 findings	 of	 each	
study,	 and	 discusses	 them	 with	 regard	 to	 existing	 theories	 and	 related	





result	of	an	 intensive	synthesis	work	that	 interrelates	 the	results	exposed	 in	 the	





























































































































1. Ischemic	 stroke	 is	 the	more	 common	 kind	of	 stroke	 (~85%	 2)	 and	occurs	
when	a	brain	blood	vessel	is	blocked	by	a	blood	clot.	If	the	clot	is	formed	in	





in	 patients	 having	 defects	 in	 the	 blood	 vessels	 such	 as	 aneurysm	 or	












• Stroke	 is	the	2nd	 leading	cause	of	death	 in	Europe	4	and	4th	 leading	cause	of	










































The	 symptoms	 caused	 by	 a	 stroke	may	 be	 very	 diverse	 and	 depend	 on	 how	
severe	the	stroke	is	and	the	part	of	the	brain	that	has	been	damaged.	In	some	cases,	a	
patient	may	not	notice	that	a	stroke	has	occurred.	In	other	cases,	symptoms	may	burst	
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Stroke	 can	 produce	 cognitive	 impairment,	 swallowing	 problems	 or	 emotional	
alterations.	A	detailed	list	of	post-stroke	consequences	and	the	associated	prevalence	
is	listed	in	Table	1.		
In	 any	 case,	 one	 of	 the	 most	 common	 consequences	 post-stroke	 is	 motor	
impairment.	Most	 exactly,	 upper-limb	motor	 impairment.	 It	 is	 estimated	 that	 after	












25%	of	 the	 subjects	 that	 suffered	a	 stroke	will	have	a	 secondary	 stroke	within	 their	
lifespan	15.	Fortunately,	approximately	80%	of	secondary	stroke	may	be	prevented	by	





































muscle	 flaccidity	 that	 is	 substituted	 by	 increased	 spasticity	 in	 the	
subsequent	 recovery	 phases	 (see	 section	 3.2	 The	 7	 stages	 of	 motor	
recovery).	
• Abnormal	 postural	 adjustments:	 stroke	 patients	 develop	 compensatory	
movements	to	overcome	the	motor	limitation	imposed	by	the	disease	
• Pathological	synergies:	stroke	produces	the	coupling	of	muscle-activation	
• Lack	 of	mobility	 between	 structures:	 stroke	 reduces	 the	mobility	 of	 the	
shoulder	girdle	and	the	pelvic	girdle.	It	seems	that	during	the	initial	recovery	
phases,	 stroke	patients	 fixate	selected	body	segments	 to	diminish	motor	
complexity	by	reducing	the	number	of	motor	element	that	the	CNS	must	
control	to	accomplish	a	given	task.	
• Lost	 of	 interjoint	 coordination:	 stroke	 alters	 the	 capacity	 to	 coordinate	
































2.1.1 Clinical Scales 















The	 NIHSS	 assesses	 levels	 of	 consciousness,	 gaze,	 vision,	 facial	 palsy,	 arm	 and	 leg	












The	 system	 has	 not	 been	 tested	 for	 validity,	 reliability	 or	 interrater	 and	 intrarater	
reproducibility.	
2.1.1.4 The	Oxfordshire	Classification		
The	 Oxfordshire	 classification	 is	 a	 simple	 symptom	 observation	 test	 that	
classifies	stroke	into	4	categories	(Total	Anterior	Circulation	Syndrome,	Partial	Anterior	
Circulation	 Syndrome,	 Lacunar	 Circulation	 Syndrome	 or	 Posterior	 Circulation	
		






Syndrome)	 according	 to	 the	 type	 and	 severity	 of	 the	 neurological	 impairments	
apparent	in	the	initial	examination	19.	
2.1.2 Outcome Scales 

























It	 has	 an	 interrater	 reliability	 of	 67%	 but	 it	 substantially	 duplicates	 the	 information	
provided	by	the	mRS	19.	
2.1.2.4 The	Fugl-Meyer	Assessment	Scale	(FM)	
The	 FM	 is	 a	 226–item	 scale	 designed	 to	 evaluate	 recovery	 in	 post-stroke	





of	motor	 impairment	22.	 In	research,	 the	FM	is	considered	a	gold-standard	to	assess	
motor	 impairment	 post-stroke:	 it	 is	 extensively	 used	 to	 validate	 new	 scales23,24	 ,	 to	

















functional	 outcome	 of	 patients.	 Obviously	 this	 kind	 of	 methods	 are	 dramatically	
subjected	to	the	therapist’s	appreciation,	and	in	consequence,	suffer	from	high	inter-
rater	variability.	
In	 addition,	 scales	 based	 on	 visual	 observation	 completely	 ignore	 the	
neuromuscular	state	of	the	patients.	Similar	symptoms	(e.g.	lack	of	mobility)	may	be	
produced	by	totally	different	causes	(e.g.	muscle	weakness,	unrepaired	neural	damage,	




either	 numerical	 or	 categorical.	 The	 problem	 here	 is	 that	 this	 score	 is	 not	 clinically	
informative17.	That	is,	there	is	not	a	clear	correspondence	between	the	score	and	what	
this	 score	 means	 in	 terms	 of	 motor	 recovery,	 functional	 autonomy	 or	 disability.	
Therefore,	 the	 interpretation	 of	 each	 scale	 is	 limited	 to	 numerical	 increases	 or	
decreases	that	are	difficult	to	identify	with	ongoing	physiological	processes.	Naturally,	








specific	 scale	 28.	 However,	 there	 is	 little	 correspondence	 between	 them.	 Naturally,	
applying	 all	 the	 available	 scales	 to	 each	 patient	 in	 order	 to	 get	 a	 complete	 motor	
evaluation	is	virtually	impossible	in	terms	of	time	and	resources.	Several	attempts	have	
been	made	to	define	standardized	cut-offs	to	consistently	stratify	the	outcome	of	the	
scales	 according	 to	 the	 level	 of	 recovery	 29,30,31.	However,	 the	high	 variability	 found	
between	scales	proves	the	extreme	complexity	of	the	motor	recovery	process.	
Precisely,	 the	 tremendous	 heterogeneity	 found	 in	 stroke	 poses	 additional	
problems	to	this	issue.	Just	to	mention	a	few:	motor	recovery	is	a	dynamic	process	that	
progresses	with	time,	the	initial	state	of	the	patients	affects	the	final	outcome,	and	the	
rate	 of	 change	 may	 during	 recovery	 vary	 between	 different	 levels	 of	 ICIDH	
(International	Classification	of	Impairments,	Disabilities	and	Handicaps)29.	The	ICIDH	is	
the	 model	 of	 illness	 accepted	 by	 the	 World	 Health	 Organization	 to	 categorize	 the	
consequences	caused	by	a	given	disease.	Such	is	the	natural	complexity	of	the	context	
that	there	 is	 increasing	suspicion	that	the	 lack	of	optimal	assessment	measures	may	
have	made	the	evaluation	of	benefits	of	new	therapies	less	likely	32–34.	
Taken	everything	 together,	 the	need	 to	develop	new	quantitative	 scales	 is	 a	 critical	
obstacle	 that	 needs	 a	 workaround	 to	 advance	 in	 the	 field	 of	 motor	 recovery	 and	













Although	after	 stroke,	our	brain	has	 certain	degree	of	 spontaneous	 recovery,	
most	stroke	survivors	undergo	a	wide	range	of	disabilities	 (see	Table	1)	that	require	




paralyzed	 or	 seriously	 weakened.	 While	 patients	 recover	 basic	 skills	 during	 the	 6	
months	after	stroke,	they	attend	rehabilitation	to	relearn	progressively	more	complex	
and	 demanding	 tasks,	 such	 as	 bathing,	 dressing,	 and	 using	 a	 toilet.	 Beginning	 to	
reacquire	the	ability	to	carry	out	basic	activities	of	daily	living	represents	the	first	stage	
in	a	stroke	survivor's	return	to	independence.		
Problems	moving,	 thinking	and	talking	often	 improve	 in	 the	weeks	 to	months	
after	 stroke.	 For	 some	 stroke	 survivors,	 though,	 rehabilitation	 will	 be	 an	 ongoing	
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3.1 REHABILITATION	AREAS	
















Patients	 may	 have	 trouble	 swallowing	 after	 stroke.	 Speech	 therapists	 are	
indicated	to	palliate	these	issues.	
3.1.1.5 Emotional	issues	and	support	
Stroke	 survivors	 may	 experience	 quick	 mood	 changes	 and	 changes	 in	 their	
behavior	 and	 judgment.	 This	 may	 make	 them	 feel	 scared,	 anxious	 and	 depressed.	












Brunnstrom	divided	 the	motor	 recovery	post-stroke	process	 from	hemiplegia	 into	6	
stages	(7,	if	we	include	the	last	recovery	stage)	35.		
1. S1	 |	 Flaccidity:	 the	 patient	 has	 no	 voluntary	movements	 in	 the	 affected	
areas	






to	 regain	 considerable	 amount	 of	 motor	 function	 still	 subject	 to	 strong	
pathological	synergies.	Nevertheless,	movements	begin	to	approach	more	
normal	and	controlled	patterns.	
5. S5	 |	 Coordination:	 patients	 start	 to	 be	 able	 to	 deal	 with	 pathological	
synergies,	 giving	 rise	 to	 more	 coordinated	 and	 complex	 voluntary	
movements.	 During	 this	 stage,	 both	 spasticity	 and	 abnormal	movements	
continue	to	decline.	
6. S6	 |	 No	 spasticity:	muscle	 spasticity	 disappears	 completely.	 The	 patient	
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It	 is	 interesting	 to	 acknowledge	 that	 this	 model	 of	 sequential	 recovery	 has	
influenced	 the	development	of	multiple	motor	 assessment	 scales	 that	 are	 currently	




their	 arms	 and	 hands	 37.	 Furthermore,	 stroke-related	 physical	 impairments	 such	 as	
muscle	weakness,	pain,	and	spasticity	can	lead	to	a	reduction	in	the	ability	to	use	the	
stroke-affected	arm	and	hand	in	daily	activities.		
There	 are	 many	 rehabilitation	 protocols	 designed	 for	 regaining	 function	 and	
improving	 everyday	 skills.	 However,	 the	motor	 rehabilitation	 protocols	 for	 patients	
with	 stroke	 are	 specifically	 tailored	 considering	 the	 specific	 characteristics	 of	 the	
impairments	 caused	 by	 stroke,	 such	 as	 hemiplegia,	 neurological	 damage	 or	 the	
advanced	age	of	patients.	The	list	below	summarizes	the	major	approaches	to	stroke	
rehabilitation:	
























day	 knowledge	 on	 biomechanics,	 neural	 and	 muscle	 plasticity	 motor	 learning	 and	
motor	control	42,43.	However,	despite	widespread	acceptance	of	the	Bobath	concept	in	
stroke	 rehabilitation,	 literature	 has	 not	 found	 it	 to	 be	 superior	 compared	 to	 other	
treatment	approaches	44,45.	
Range-of-motion	 therapy	 uses	 stretching	 exercises	 and	 other	 treatments	 to	
help	 lessen	 muscle	 tension	 and	 spasticity	 and	 regain	 range	 of	 motion.	 Sometimes	
medication	can	help	as	well.	
Neurofacilitation. Neurofacilitation	strategies	aim	at	retraining	motor	control	




over	 and	 over	 with	 the	 affected	 arm	 in	 order	 to	 promote	 its	 use	 and	 improve	 its	
function.	 The	 EXCITE	 trial,	 conducted	 at	 7	 academic	 institutions	 between	 2001	 and	
2003,	showed	that	this	technique	promoted	use	of	the	affected	arm	in	people	with	mild	
to	 moderate	 stroke	 impairment.	 Improvement	 lasted	 at	 least	 two	 years	 46.	 Other	
		
	





with	 both	 arms	 simultaneously.	 The	 existing	 tendency	 towards	 in-phase	 (i.e.,	
symmetrical	movements)	and	anti-phase	(i.e.,	alternating	movements)	coordination	in	
healthy	 subjects	 suggests	 a	 coupling	 between	 the	 upper	 limbs	 48.	 Bilateral	 training	




find	 no	 significant	 benefit	 on	 using	 this	 therapy	 51–53	 while	 others	 describe	 strong	
evidence	in	favor	of	it	54,55.	For	instance,	a	study	using	the	BATRAC	system	revealed	that	




3.3.2 Technology-assisted rehabilitation 
Functional	 Electrical	 Stimulation	 (FES)	 involves	 using	 electrical	 stimuli	 to	
stimulate	 nerve	 activity	 causing	 their	 innervated	 muscles	 to	 contract.	 This	 way,	
movement	is	produced	by	acting	on	the	natural	actuators	of	the	body	57.	FES	is	usually	
used	to	strengthen	weak	or	spastic	muscles	and	prevent	muscle	atrophy	58.	It	also	may	
help	 with	 muscle	 re-education,	 for	 instance,	 by	 opening	 a	 contracted	 hand.	 In	
combination	 with	 conventional	 rehabilitation,	 FES	 has	 been	 shown	 to	 improve	
rehabilitation	outcome	59.	
Robotic	 technology	 uses	 robotic	 devices	 to	 assist	 impaired	 limbs	 to	 perform	
more	repetitive,	consistent	and	measurable	motions	57.	Several	reviews	suggest	that	
robotic	 therapy	 improves	 motor	 impairment	 and	 strength	 but	 do	 not	 improve	 the	
ability	to	perform	ADLs	60,61.	In	contrast,	some	authors	conclude	that	robotic	therapy	
		








62.	 In	 addition,	 the	progressive	 shortage	of	 therapists	 and	 the	 increasing	number	of	
people	 needing	 rehabilitation	may	 benefit	 from	 the	 advanced	 capacities	 of	 robotic	
devices	 to	 assist	 ADLs	 and	 perform	 highly	 repetitive	 tasks	 as	 stand-alone	 or	 barely	
supervised	systems	57.	
Virtual	 reality	 (VR)	and	gaming.	This	approach	provides	a	realistic,	 simulated	





to	 activate	 the	 mirror	 neuron	 system,	 shown	 to	 have	 a	 positive	 impact	 on	 stroke	
rehabilitation	 64,	 as	 the	 gamer	 sees	 an	 avatar	 concurrently	 performing	 the	 virtual	
activity	on	the	screen.		Different	studies	evidence	that	interactive	gaming	improves	arm	
function	and	ADL	function.	However,	it	 is	unclear	whether	it	can	help	increasing	grip	
strength	or	gait	 65.	Thus,	 it	 is	essential	 to	 identify	the	key	characteristics	of	 this	new	
approach	to	improve	rehabilitation	protocols	65.	
Noninvasive	 brain	 stimulation.	 Techniques	 such	 as	 Transcranial	 Magnetic	
Stimulation	 (TMS)	 or	 Transcranial	 Direct	 Current	 Stimulation	 (tDCS)	 of	 the	 lesional,	
contralesional,	 or	bilateral	hemispheres	of	 the	brain	 can	alter	 cortical	 excitability	 to	
induce	brain	plasticity	66.	The	primary	motor	cortex	(M1)	is	the	major	target	of	this	kind	
of	 therapy.	 Indeed,	many	 studies	 describe	 the	 improvement	 of	 at	 least	 one	motor	
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Biofeedback.	In	general	terms,	the	aim	of	biofeedback	is	to	teach	the	individual	
how	 to	modulate	his/her	physiological	 activity	 to	promote	health	and	performance.	
Biofeedback	 techniques	 let	 the	 individual	 be	 aware	 about	 the	 biological	 functions	
he/she	usually	 is	unconscious	of	(e.g.	heart	activity,	brain	activity	or	stomach	pH).	 In	
the	field	of	stroke,	biofeedback	 is	centered	on	monitoring	brain	and	muscle	activity.	
This	 might	 help	 creating	 greater	 awareness	 of	 muscle	 contractions	 and	 facilitating	
muscle	relaxation	and	muscle	coordination.	However,	recent	studies	have	described	no	
significant	improvement	in	functional	recovery	69,70.	
Visual	 feedback.	Visual	 feedback	 (VF)	consists	on	providing	an	external	visual	
cue	where	 the	 individual	 can	 observe	 his/her	 own	 image	while	 performing	 a	 given	





from	 the	 sensory	 feedback	 is	 available	 72,	 73.	 As	 a	 result,	 our	 brain	 combines	 the	
information	from	sensory	feedback	(within	which	the	VF	lays)	and	the	information	from	
the	predictions	of	our	efferent	copy	to	detect	and	correct	the	motor	errors	on-line.	







79,	 as	 it	 is	 simple,	 inexpensive	 and	 can	 be	 easily	 implantable	 in	 almost	 any	medical	
center.	 What	 is	 most	 appealing	 is	 that	 VF	 has	 shown	 promising	 results	 in	 the	
rehabilitation	of	stroke	and	related	syndromes	80,81,	82.	VF	allows	tracking	the	position	
		








movements	online	 83,	 71,	 84.	 In	addition,	VF	 is	 likely	 to	active	neural	 zones	 similar	 to	
those	activated	during	motor	imagery	85.		
Another	 interesting	 feature	 of	 VF	 is	 its	 ability	 to	 induce	 neural	 plasticity	 to	
improve	motor	performance	86,	87.	Neurological	studies	reveal	increased	ipsilateral	M1	







control	 structure	 has	 not	 been	 addressed	 yet,	 which	 is	 undoubtedly	 essential	 to	
understand	the	motor	learning	process	and	help	improving	the	rehabilitation	of	neural	
conditions.	
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As	a	result,	 it	 is	 important	to	define	the	specific	purpose	of	a	protocol,	as	the	
goals	of	clinicians	may	not	always	meet	those	of	patients,	whose	priority	is	to	achieve	









Neural	 Restoring	 function	 in	 neural	 tissue	
that	 was	 initially	 lost	 because	 of	
injury	or	disease		
	The	 residual	 neural	 tissue	




Restoring	 the	 ability	 to	 perform	
movement	in	the	same	manner	as	it	
was	 performed	 before	 injury	 or	
disease	
	Performing	 movement	 in	 a	





Restoring	 the	 ability	 to	 perform	 a	
task	in	exactly	the	same	manner	as	
















Motor	 coordination	 is	 the	 combination	 of	 body	 movements	 created	 with	


























238	DOFs	 94	 .	 In	 other	words,	 to	position	 the	 end	effector	 in	 space,	 our	 brain	must	
specify	not	6	but	244	variables,	of	which	238	are	redundant	and	may	be	presumably	
used	to	optimize	the	movement.	








Based	on	 the	principle	of	abundance,	a	more	recent	hypothesis	 suggests	 that	
instead	of	reducing	the	degrees	of	freedom,	the	central	nervous	system	uses	all	of	them	
to	 ensure	 flexible	 and	 stable	 motor	 performance.	 In	 other	 words,	 the	 apparently	
redundant	 degrees	of	 freedom	are	 thought	 to	be	 essential	 for	many	 aspects	 of	 the	
motor	control,	such	as	dealing	with	secondary	tasks	or	unexpected	perturbations	95.		
The	UCM	Hypothesis	provides	means	to	quantify	synergies	96.	According	to	this	
theory,	a	 synergy	constitutes	a	set	of	elemental	variables	 (degrees	of	 freedom)	 that	
stabilize	an	important	performance	variable	(potentially	important	variables	produced		
		
















Nicolai	 Bernstein,	 who	 stated	 that	 the	 central	 motor	 system	 deals	 with	 motor	
redundancy	by	eliminating	redundant	degrees	of	freedom	91.	Bernstein	defended	the	
existence	of	a	modular	neural	strategy	that	simplifies	the	generation	of	motor	behavior	




Overall,	 muscle	 synergies	 are	 combined	 at	 different	 proportions	 to	 form	 a	
continuum	 of	 muscle	 activation	 patterns	 that	 produce	 movements.	 The	 traditional	
mathematical	 methods	 (Principal	 Component	 Analysis,	 Nonnegative	 Matrix	









Motor	 modules	 often	 reflect	 optimal	 coordination	 patterns	 that	 minimize	










of	modular	organization	 in	diverse	motor	systems:	grasping	 in	primates	 108,	 jumping	
and	swimming	 in	 frogs	 109,	postural	 control	 in	cats	 97,106	or	control	of	posture	 110,111,	
upper-limb	 112,113	 and	 lower	 limb	 in	 humans	 114.	 Indeed,	 postural	 muscle	 synergies	
generalize	across	perturbation	types	and	posture	115,116.	
4.2.1  Stroke and Muscle Synergies 
Motor	 impairment,	 and	 specifically	 upper-limb	 impairment,	 is	 one	 of	 the	
disabilities	 most	 frequently	 found	 among	 stroke	 survivors	 (Table	 1).	 During	
rehabilitation,	 the	 recovery	 of	 upper-limb	 function	 following	 hemiparetic	 stroke	 is	
characterized	by	the	emergence	of	abnormal,	stereotypical	movement	patterns	that	
impact	the	outcome	of	ADLs	35.	Many	studies	have	attributed	such	abnormal	patterns	












structure	 or	 composition	 almost	 intact	 both	 in	 voluntary	 120	 and	 reflexive	 121	
movements.	 This	has	been	 shown	 to	be	 true	 	 in	mildly	 impaired	 subjects,	however,	
posterior	 studies	 have	 reported	 evidence	 of	 synergy	 structure	 merging	 and	
fractionation	 in	 most	 impaired	 subjects	 122,123.	 More	 specifically,	 it	 seems	 that	 the	
degree	 of	 synergy	merging	 is	 proportional	 to	 the	 severity	 of	 the	 impairment	 122.	 A	
similar	phenomenon	of	motor-module	fusion	has	also	been	reported	in	the	lower	limb	
of	 stroke	 patients	 124.	 Conversely,	 synergy	 fractionation	 appeared	 only	 in	 long-term	
stroke	patients,	so	this	seems	to	be	associated	to	the	time	elapsed	from	the	initial	injury	
122.	 Authors	 hypothesized	 that	 synergy	 fractionation	 may	 constitute	 an	 adaptive	
mechanism	to	compensate	motor	impairment	produced	by	stroke.		
4.2.2 Synergy analysis as a rehabilitation tool 
		Given	the	variability	of	stroke	scales,	which	results	from	the	disparate	nature	
and	 extent	 of	 initial	 impairment,	 the	 success	 of	 clinical	 trials	 for	 testing	 new	 stroke	
therapies	depends	on	large	sample	sizes	(600-850	patients	to	achieve	the	typical	80%	
statistical	 power125)126,127.	 Extensive	 training	 of	 raters	 and	 standardization	 of	 scales	
reduce	this	variability	but	carries	its	own	costs.	Thus,	clinical	research	in	stroke	would	
be	aided	by	a	reliable,	repeatable,	and	fast	scale	to	assess	baseline	impairment	and	its	
change	 during	 recovery.	 Such	measurements	would	 also	 yield	 objective	 to	 describe	
motor	behavior	after	a	stroke	and	the	effect	of	different	treatments	on	recovery.	
In	 125,	 authors	 propose	 a	 quantitative	 set	 of	 kinetic	 and	 kinematic	 robotic	
markers	with	a	high	correlation	with	standard	clinical	scales	such	as	FMA	or	mRS	(see	

































Synergy	 analysis	may	 constitute	 a	 simple	 and	non-invasive	 tool	 that	 provides	
physiological	and	objective	information	on	how	therapies	affect	the	dynamics	of	motor	
recovery.	Similarly,	it	may	provide	a	foundation	for	the	development	of	individualized	
therapeutic	 strategies	 129.	 Abnormal	 coupling	 of	 joints	 is	 a	 sign	 of	 persistent	
neurological	 deficit	 in	 patients	 with	 stroke,	 resulting	 in	 disrupted	 kinematics	 and	
reduced	range	of	motion	of	voluntary	movements	130.	Recent	studies	provide	evidence	
that	 targeted	motor	 training	can	modify	abnormal	 isometric	 torque	patterns	131	and	
kinematic	synergies	130.	Therefore,	it	may	be	possible	to	develop	training	protocols	that	
directly	target	abnormal	synergy	structure	or	recruitment	patterns.	Nevertheless,	other	
assistive	 approaches,	 such	 as	 functional	 electrical	 stimulation	 or	 cortically	 driven	
prosthetic	 devices,	 have	 been	 proposed	 to	 restore	 muscle	 synergy	 structure	 and	
recruitment	patterns	123.		
		











until	 it	 reaches	 a	 plateau	 after	 6	 months	 132.	 It	 has	 been	 hypothesized	 that	 this	




the	 ipsilesional	 motor	 cortex	 that	 normalized	 together	 with	 the	 recovery	 of	 the	
impaired	 arm	 function	 during	 spontaneous	 recovery	 133.	 Further,	 in	 patients	 with	
subcortical	 stroke	Traversa	et	al.	 reported	that	 the	size	of	 the	motor	map	 increased	
with	the	functional	improvement	of	patients	134.	Some	neuroimaging	studies	indicate	
that	 excessive	 activity	 in	 the	 bilateral	 sensorimotor	 network	 is	 associated	 to	
compensatory	 strategies	 developed	 to	 improve	 motor	 control	 135,136	 and	 that	
normalization	of	hyper-activation	is	generally	linked	to	improved	motor	outcome	after	
rehabilitation.	 However,	 there	 is	 increasing	 evidence	 that	 chances	 for	 better	motor	





in	 the	 size	 of	 the	 ipsilesional	 representation	 of	 the	 affected	 limb	 motor	 cortex	 in	
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response	 to	 function	 improvement	 140.	 Further,	 there	 is	 some	 evidence	 that	 the	
effectiveness	 of	 therapy	 depends	 on	 the	 neural	 characteristics	 of	 the	 lesion.	 For	
instance,	 constraint-induced	 movement	 therapy	 has	 been	 shown	 to	 improve	 the	
upper-limb	function	in	chronic	patients	with	sensory	disorder	or	neglect	141,	bilateral	
training	 in	 mildly	 impaired	 stroke	 patients	 142	 and	 unilateral	 training	 in	 severely	
impaired	patients	143.	However,	at	the	moment	rehabilitation	protocols	do	not	assess	
the	 neural	 damage	 of	 a	 patient	 prior	 to	 inclusion	 and	 rehabilitation	 specialists	 are	
limited	to	clinical	examination	and	experience	to	determine	which	is	the	best	therapy	
for	each	patient.		

















Naturally,	 human	 body	 parts	 are	 not	 rigid	 structures,	 but	 in	 order	 to	 study	
human-body	motion,	 they	 conveniently	 behave	 according	 to	 rigid	 body	 kinematics.	




















The	 anatomic	 posture	 is	 defined	 then	 the	 human	 is	 standing	 upright	 on	 a	
horizontal	 surface	with	arms	hanging	 straight	down	at	 the	 sides	of	 the	body,	palms	
turner	forward	and	head	erect	(Figure	1).	It	has	to	be	noted,	though,	that	the	clinical	
system	is	only	valid	to	describe	joint	configurations	when	the	body	is	in	the	anatomic	
















the	 cardinal	 or	 principal	 sagittal	 plane.	 This	 plane	 is	 positioned	 in	 an	
anteroposterior	direction.	
• TRANSVERSE	PLANE:	any	horizontal	plane	passing	though	the	body	when	
this	 is	 in	 an	 upright	 posture.	When	 the	 plane	 passes	 through	 the	 body’s	
center	of	mass,	the	plane	is	called	the	cardinal	or	principal	transverse	plane.	
• CORONAL	 or	 FRONTAL	 PLANE:	 any	 plane	 going	 side	 to	 side	 and	
perpendicular	to	both	sagittal	and	transverse	planes.	When	the	plane	passes	






















• FLEXION-EXTENSION:	 occurs	 when	 the	 body	 segment	 moves	 on	 a	
sagittal	plan	
o Flexion:	 refers	 to	 a	 movement	 that	 decreases	 the	 angle	
between	two	body	segments	




• INTERNAL-EXTERNAL	 ROTATION:	 occurs	 when	 the	 body	 segment	
rotates	about	 the	 longitudinal	axis	of	 the	segment.	Depending	of	 the	
joint,	this	may	be	also	called	SUPINATION-PRONATION.	
I	When	this	motion	occurs,	the	twist	is	usually	assigned	to	one	of	the	
two	 joints,	 proximal	 or	 distal.	 For	 instance,	 during	 shoulder	 external	
rotation,	 the	movement	 can	 be	 assigned	 to	 either	 the	 elbow	 or	 the	
shoulder.	











In	 biomechanical	 analysis,	 the	 body	 angles	 are	 defined	 between	 two	 body	
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5.4 KINEMATIC	CHAINS	
As	 stated	 previously,	 the	 human	 body	 can	 be	 viewed	 as	 a	 system	 of	 body	
segments	connected	by	links	(joints).	In	mechanics,	a	linkage	of	rigid	bodies	is	referred	
to	as	a	kinematic	chain.	The	simplest	kinematic	chain	 is	 composed	of	 two	segments	
connected	 by	 a	 single	 joint.	 That	 is	 called	 a	 kinematic	 pair.	 Note	 that	 virtually	 any	
anatomical	joint	can	be	studied	as	a	kinematic	pair:	the	trunk	and	upper-limb	linked	by	











this	number	decreases	 if	 some	of	 the	 segments	are	not	 independent,	 as	 it	happens	
when	segments	are	connected	by	joints,	or	when	motion	is	restricted	by	constraints.	In	
this	case,	the	system	possesses	6N-m	DOF,	where	m	is	the	number	of	equations	that	




simplicity	the	translational	motion	 is	disregarded	as	 it	 is	very	small	compared	to	the	
rotational	motion.	This	assumption	reduces	the	maximum	DOF	of	the	human	joints	to	
		






















Where	N	 is	 the	 number	 of	 segments,	 k	 is	 the	 number	 of	 joints	 and	 fi	 is	 the	
number	of	DOF	of	the	ith	joint.	For	planar	movements,	the	equation	is	modified	as:	
	

















Quantitative	 measures	 of	 human	 motion	 are	 essential	 to	 understand	 the	
consequences	 of	 neural	 conditions	 inducing	motor	 impairment	 such	 as	 stroke,	 and	
assess	 the	 outcome	 of	 rehabilitation	 to	 determine	 its	 efficacy.	 In	 other	 words,	



















assess	 the	 validity	 (correlation	 with	 clinical	 scales)	 156,157,	 reproducibility	
		











gait	due	 to	 its	non-repetitive	nature.	At	present,	most	of	 the	studies	addressing	 the	
upper-limb	 kinematic	 behavior	 of	 stroke	 patients	 focus	 on	 functional	 movements	
(reaching,	grasping,	drawing	circles	or	squares…)	or	Activities	of	Daily	Living	(ADL)	155.	
However,	 the	 kinematic	 study	 of	 ADLs	 and	 reaching	 movements	 is	 complex	 as	 it	
involves	 the	 simultaneous	 coordination	 of	 multiple	 joints.	 As	 a	 result,	 linking	 the	
functional	outcome	and	the	neuromuscular	state	of	the	patient	is	not	straightforward.	
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5.5.1  Kinematic indices used in literature 
The	literature	offers	a	wide	range	of	metrics	to	assess	motor	performance	from	






quantifies	 the	 maximum	 displacement	 achieved	 by	 the	 end	 effector	 (normally	 expressed	 in	
Cartesian	coordinates)	
B	–	SPEED	









































G1	 -	Time	 to	 velocity	peak*:	 time	elapsed	 from	movement	onset	 to	 the	 instant	when	maximal	







5.5.2 Kinematic traits of patients with stroke 
Although	 the	healthy	and	 impaired	human	movement	are	well	 characterized,	
the	need	to	develop	a	reliable	quantitative	metric	to	assess	motor	impairment	has	not	
been	met	yet.	Undoubtedly,	 the	kinematic	 indices	may	play	a	 role	 in	 this	 issue.	This	
section	 summarizes	 the	 major	 findings	 about	 the	 kinematic	 characteristics	 of	 the	
upper-limb	of	patients	with	stroke.		
The	 motor	 behavior	 of	 patients	 with	 stroke	 is	 characterized	 by	 strongly	
stereotyped	patterns	that	dramatically	hinder	their	ability	to	efficiently	perform	in	their	
daily	lives.	These	patterns	are	usually	provoked	by	involuntary	coactivations	of	upper-
limb	 muscles	 160,161.	 Fundamentally,	 patients	 are	 unable	 to	 uncouple	 shoulder	
abduction	and	elbow	flexion	(pathological	flexion	synergy),	and	shoulder	adduction	and	
elbow	 extension	 (pathological	 flexion	 extension)	 162.	 Thus,	 their	 natural	 ability	 to	
control	their	joints	independently	is	suppressed.	
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been	 suggested	 that	 the	 ability	 to	 plan	movements	 is	 preserved	 in	 stroke	 164,167,168.	
However,	stroke	patients	exhibit	premature	peaks	due	to	longer	deceleration	phases,	
which	 have	 been	 attributed	 to	 affected	 feedback	 and	 feedforward	 control	 169.	 In	
addition,	during	pointing	and	reaching	the	interjoint	coordination	is	disrupted	165,170.		
Also,	 patients	 with	 stroke	 develop	 significant	 compensatory	 strategies	 to	
overcome	 the	 limitations	 imposed	 by	 their	 motor	 impairment	 171,172.	 For	 instance,	
during	drinking	patients	present	significantly	higher	shoulder	abduction	to	overcome	
reduced	ability	to	extend	the	elbow	149.	Similarly,	patients	exhibit	significantly	 larger	
trunk	 protraction	 during	 the	 reaching	 phase	 to	 overcome	 the	 same	 inability	 149.	
Interestingly,	the	level	of	intensity	of	these	strategies	constituted	a	significant	feature	
to	 discriminate	 between	 motor	 impairment	 level.	 Indeed,	 compensatory	 trunk	
movements	seem	to	have	a	strong	correlation	with	motor	impairment	level	173.	
Motor	alterations	due	 to	 stroke	are	non	 static	and	 tend	 to	evolve	along	with	
motor	 recovery.	 For	 this	 reason,	 it	 is	 very	 important	 to	 specify	 at	 which	 stage	 of	
recovery	correspond	each	 identified	motor	state.	Brunnstrom	and	Bobath	published	
detailed	descriptions	of	the	evolution	of	the	stereotypic	patterns	of	patients	with	stroke	
35,174	 (see	 section	3.2	 The	 7	 stages	 of	motor	 recovery).	 As	 a	matter	 of	 fact,	 several	


























This	 section	 describes	 the	 demographic	 and	 clinical	 details	 of	 the	 subjects	
recruited	to	build	the	databases	that	were	used	for	the	studies.		
6.1 DESCRIPTION	OF	THE	DATABASES	
This	 present	 thesis	 was	 developed	 using	 2	 human	 databases	 that	 were	
specifically	designed	and	subsequently	built	to	fulfill	its	objectives.	The	first	database	
(database	 H)	was	 built	with	 neurologically	 intact	 subjects	 (Table	 5)	 and	 the	 second	




6.1.1 The database of neurologically intact subjects 
This	database	was	composed	of	6	neurologically	intact	subjects	(age	25-36).	All	
subjects	were	right-handed	males	with	no	known	neurological	impairment.	Prior	to	the	
experiment,	 subjects	 were	 asked	 to	 answer	 a	 series	 of	 questions	 included	 in	 the	
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SUBJECT	ID	 AGE	 LATERALITY	INDEX	 GENDER	
S1	 31	 90.0	 Male	
S2	 29	 100.0	 Male	
S3	 32	 85.0	 Male	
S4	 30	 100.0	 Male	
S5	 36	 80.0	 Male	
S6	 24	 100.0	 Male	




6.1.2 The database of patients with stroke 
Patients	were	recruited	by	specialized	clinical	staff	from	the	Guttmann	Institute.	
All	patients	were	over	18	and	had	suffered	the	stroke	at	most,	6	months	prior	to	the	
experiment.	 Patients	 with	 cognitive	 impairment,	 severe	 visual	 impairments,	 severe	
neuropsychological	impairments	such	as	aphasia,	attention	deficit	disorder,	or	that	may	
have	 trouble	 to	 understand	 the	 instructions	 given	by	 the	 researcher	were	 excluded	
from	the	study.	Similarly,	patients	with	bilateral	stroke,	no	ability	to	move	their	upper	
limb	at	all,	or	showing	strong	signs	of	spasticity	or	ataxia	were	discarded.		
PATIENT	ID	 AGE	 LATERALITY	INDEX	 GENDER	
P1	 62	 100.0	 Male	
P2	 44	 100.0	 Male	
P3	 44	 100.0	 Female	
P4	 30	 100.0	 Female	
P5	 51	 90.0	 Male	
P6	 56	 90.0	 Male	
TOTAL	 47.8	±	11.2	 96.7	±	5.2	 4/6	Male	

















































P4	 1.5	m	 R	 No	 59	 5	
Ischemic	 /	
Cortical	
Frontal	 /	 Parietal	 /	
Temporal	(L)	




P6	 2.25	m	 R	 No	 58	 5	 Ischemic/NA	 Unspecified	
Table	7	Clinical	description	of	database	P.	Elapsed	time	since	stroke	(m	=	months).	Paretic	arm:	R	=	
Right	arm,	L	=	Left	Arm.	FM-UE:	Fugl-Meyer	Upper-Extremity		score.	The	Fugl-Meyer	score	refers	to	
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of	 the	Edinburgh	Handedness	 Inventory	 can	be	 found	 in	 the	Appendix	A.	Edinburgh	
Handedness	Inventory.	
Left	Hander’s	LI	distribution	 Right	Hander’s	LI	distribution	

































handedness	 while	 positive	 LIs	 attribute	 right	 handedness	 to	 the	 person	 being	
evaluated.	

















domain	 varies,	 the	 relative	 importance	of	 each	domain	within	 the	overall	 FM	 score	
differs	from	domain	to	domain.	Table	9	displays	the	maximal	points	that	can	be	scored	















TOTAL	POINTS	 100	 24	 14	 44	 44	
RELATIVE	
WEIGHT	
44.2%	 10.6%	 6.2%	 19.5%	 19.5%	
Table	9	Point	distribution	of	the	Fugl-Meyer	scale	into	its	5	composing	domains.	













































































The	 FIM	 assesses	 6	 areas	 of	 function	 (Self-care,	 Sphincter	 control,	 Mobility,	
Locomotion,	 Communication	 and	 Social	 cognition).	 These	 areas	 fall	 into	 2	 domains:	
motor	(13	items)	and	cognitive	domain	(5	items),	and	are	referred	to	as	the	Motor-FIM	































































external	 rotation	 (SERot),	 and	 elbow	 flexion	 (EFlex);	 and	 their	 respective	 opposites,	




90º	 away	 from	 the	 midline	 of	 the	 body	 starting	 at	 the	 anatomical	 position	 (arm	
extended	 along	 the	 body)	 with	 the	 palm	 of	 the	 hand	 facing	 inwards.	 To	 evaluate	
shoulder	external	rotation,	subjects	were	asked	to	bend	their	elbow	90º	with	the	palm	
of	the	hand	facing	their	stomachs	and	to	rotate	their	elbow	externally	as	much	as	they	












The	 respective	 antagonist	 movements,	 i.e.,	 shoulder	 adduction,	 shoulder	
internal	rotation	and	elbow	extension,	consisted	of	bringing	back	the	upper-arm	to	the	
initial	position	following	the	same	trajectory	but	in	the	opposite	direction.	For	instance,	


























Repetition	 frequency:	 for	 some	 patients	 2.15	 seconds	 was	 not	 enough	 to	




Patient	 P1	 P2	 P3	 P4	 P5	 P6	
Velocity	 1X	 0.72X	 1X	 1X	 1X	 1X	











limbs	 (Specific	 Procedures	 (II),	 Figure	 19).	 Within	 each	 slot,	 the	 ordering	 of	 the	














The	 workflow	 needed	 to	 convert	 raw	 EMG	 signals	 into	 muscle	 synergies	 is	




























we	 have	 built	 a	 customized	 GUI	 that	 bundles	 the	 package	 of	 functions	
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8.1 ELECTRODE	PLACEMENT	










8.2.1 EMGs of neurologically intact subjects 
Signals	 were	 acquired	 with	 the	 EMG100C	 system	 (Biopac	 Systems,	 Inc.)	 at	 a	
sampling	 rate	 of	 1000	Hz	 and	 a	 gain	 of	 500	 using	 a	 pair	 of	 disposable	Ag/AgCl	 disc	
electrodes	on	each	muscle	(10	mm	in	diameter,	1.5	cm	inter-electrode	distance;	EL501	
foam	 electrode,	 Biopac	 Systems,	 Inc.).	 A	 notch	 filter	 was	 used	 to	 remove	 50-Hz	
interference.	 During	 the	 recordings,	 we	 on-line	 marked	 the	 movement	 onset	 and	
offsets	 at	 the	 instants	 where	 subjects	 initiated	 and	 terminated	 each	 movement	
repetition.	 Thus,	 after	 recording	EMG	signals	were	 segmented	using	 these	marks	 to	
exclude	resting	periods	from	the	analysis.		
8.2.2 EMGs of patients with stroke 
Signals	were	acquired	with	the	PocketEMG	system	(HP	-	BTS	Bioengineering	Inc.)	











kinematics	 recordings	 to	 identify	 movement	 onset	 and	 offset	 (see	 section	 17.4		
Determining	movement	onset	and	offset	in	Study	3).	
8.2.3 Database compatibility 
In	order	to	ensure	the	comparability	between	the	two	databases,	since	each	was	
acquired	 with	 a	 different	 equipment	 that	 may	 have	 affected	 the	 result	 of	 the	
acquisition,	we	carried	out	an	extra	experimental	session	with	both	systems.	That	is,	
we	asked	a	 subject	 to	 repeat	 the	experimental	 session	 twice,	one	using	 the	BIOPAC	
System	 and	 the	 second	 one	 using	 the	 PocketEMG	 system.	 Next,	 we	 extracted	 the	
corresponding	control	structure	using	the	muscle	synergy	extraction	method	explained	
below	(see	equations	(	4	),	(	5	)	and	(	6	))	and	we	tested	whether	the	control	structures	







frequency	 noise	 and	 50-Hz	 interference	 respectively.	 Then,	 EMG	 segments	
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In	order	 to	extract	 the	control	 structure	 (see	Section	8.4	Synergy	Extraction),	
additional	preprocessing	steps	were	required.	Namely,	linear	envelopes	of	EMGs	were	






from	the	EMGs	averaged	 for	each	movement	and	subject	across	 the	30	 repetitions.	
Muscle	synergies	are	modeled	as:	
	 0 1 = 	 2* · 	4*5*,- 1 + 	6			 (	4	)	










concatenating	the	N	muscle	synergies	in	columns	(2		 ∈ =>	?	5),	and	H	 is	the	matrix	
concatenating	 the	 corresponding	 N	 activation	 coefficients	 in	 rows	 (@	 ∈ 	=5	?	A).	
Synergies	were	extracted	from	the	EMG	of	each	subject’s	arm	using	nonnegative	matrix	
		





















subject	to	G*N ≥ 0, 4QJ ≥ 0, ∀S, T, U, V																				
This	 approach	alternatively	 fixes	one	matrix	 and	 improves	 the	other,	but	 it	 is	








detail	 in	 182.	 The	 outputs	 of	 this	 second	 phase	 are	 the	 synergies	 and	 activation	
coefficients	used	in	the	subsequent	study.	
The	 NMF	 requires	 N	 to	 be	 set	 prior	 to	 any	 computation.	 Thus,	 to	 set	 the	
adequate	N,	we	successively	increased	the	number	of	synergies	extracted,	from	one	to	
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perform	a	 given	movement	 in	 absence	 of	 neurological	 damage,	 to	 apply	 it	 into	 the	
corresponding	rehabilitation	exercises.	That	is	the	reason	why,	each	extraction	was	run	
on	 a	 matrix	 of	 size	 8	 x	 3000	 (8	 muscles,	 30	 repetitions	 of	 100	 time-samples)	
corresponding	to	the	concatenated	EMG	data	of	each	movement	and	each	subject’s	
arm.	For	similar	reasons,	we	run	synergy	extractions	separately	over	different	subjects	




[1	 x	 100	 time-samples]	 corresponding	 to	 6	 subjects	 x	 2	 arms	 x	 6	 movements	 x	 2	
components	of	the	control	structure.	Note	that	in	order	to	make	results	physiologically	
more	 comprehensible,	 we	 worked	 on	 the	 average	 activation	 coefficient	 of	 the	 30	
repetitions.	












Interlimb	 Similarity	 measures	 and	 section	 14.3	 Within-Subject	 synergy	 matching	
across	conditions	for	further	details	on	the	matching	procedure).	  
		






8.4.2 Interlimb similarity (ILS) measures 
















	 X;YE* = 	G*,Z · G*,A	 (	8	)	

















M b ∙ 4*,Z






coefficients	 by	 averaged	 point	 by	 point	 differences	 and	 then,	 calculated	 the	 ILS	 by	
subtraction.	This	index	is	referred	along	the	thesis	as	1	–	ILD.	
	
X;YFi = 1 − ILD = 	1 − 	













































16	 markers,	 20	 segments	 and	 5	 macro-segments.	 These	 5	 macro-segments	 are	
described	under	these	lines:	














3. UPPER-ARM:	 Linear	macro-segment	built	up	 from	the	acromion	 to	
the	elbow.	Its	reference	segment	is	the	torso.	
4. FOREARM:	Linear	macro-segment	built	up	from	the	elbow	to	a	virtual	
marker	 located	 between	 the	 ulna	 and	 the	 radio.	 Its	 reference	
segment	is	the	upper-arm.	
5. HAND:	Triangular	macro-segment	built	up	from	the	markers	located	
in	 the	 ulna,	 the	 radio	 and	 the	 hand.	 Its	 reference	 segment	 is	 the	
forearm.	
9.2 KINEMATIC	DATA	ACQUISITION	AND	PROCESSING	
In	 order	 to	 complete	 the	 kinematic	 data	 acquisition	 process,	 we	 followed	 a	


















Patients	 were	 endowed	 with	 a	 set	 of	 reflecting	 markers	 fixed	 with	 double-sided	
adhesive	tape.	When	necessary,	hairy	zones	were	shaved	to	enhance	marker	adhesion.		
At	 all,	 16	 markers	 were	 attached	 to	 the	 skin	 of	 the	 patients	 distributed	
unilaterally	along	the	longitudinal	axis	of	their	upper-body	or	bilaterally	along	the	two	
sides	 (Figure	 8).	 Bilateral	 markers,	 that	 is,	 the	 markers	 with	 a	 symmetric	

































Tracking	 is	 the	 first	 step	 after	 data	 acquisition.	 During	 tracking,	 the	 system	
identifies	the	position	of	the	reflecting	marker	in	each	time-point,	as	long	as	at	least	3	
cameras	out	of	the	6	cameras	composing	the	registering	system	have	registered	the	
marker.	Due	 to	occlusions,	 the	 system	may	miss	 certain	positions	 and	 certain	 time-
points	(see	section	18.1.	Quality	of	the	Kinematics	Recordings	in	Study	3).	
5	|	3D	Reconstruction	
During	 this	 stage,	 the	 set	 of	 3D	 points	 identified	 in	 the	 tracking	 stage	 was	
assigned	to	the	corresponding	anatomical	labels	according	to	the	biomechanical	model.	
As	the	labels	were	assigned,	the	program	automatically	joined	the	markers	drawing	the	




















































In	 order	 to	 enhance	 the	 value	 of	 the	 study,	 we	 have	 analyzed	 the	 6	 main	
movement	patterns	affected	by	stroke.	We	have	characterized	the	motor	strategy	of	
these	movements	by	studying	the	electromyography	(EMG)	of	8	upper-limb	muscles	in	
each	 side.	 We	 have	 calculated	 relevant	 spectral	 and	 temporal	 EMG	 features,	 and	
extracted	 the	 control	 structure	 (i.e.	 the	 set	 of	 muscle	 synergies	 and	 activation	
coefficients)	needed	to	perform	each	of	these	tasks.	Subsequently,	we	have	conducted	
an	inter-limb	comparison	with	all	these	elements.	
Our	 results	 revealed	 that	 muscle	 recruitment	 patterns	 inferred	 from	 EMG	





EMG	 features	 are	 extremely	 variable	 and	 inconsistent	 with	 any	 handedness	













10.1.1 Exponential decay model of muscle fiber recruitment 
To	 produce	 voluntary	 movements,	 motor	 units	 are	 sequentially	 recruited	
generating	 submaximal	 contractions	 185.	 This	 process	 can	 be	 indirectly	 tracked	 by	
inspecting	the	amplitude	of	the	EMG	signal,	as	it	reflects	the	number	and	size	of	muscle	
fibers	recruited	by	the	muscle	under	analysis	185–187.	Thus,	to	investigate	whether	there	
are	 differences	 in	 the	 recruitment	 patterns	 of	 right	 and	 left	 arms,	we	 analyzed	 the	
changes	undergone	by	the	EMG	amplitude	across	repetitions.	
We	calculated	 the	peak	amplitude	of	each	muscle	 in	every	 repetition	and	we	
plotted	 the	 evolution	 of	 EMG	peaks	 across	 repetitions.	 Because	 the	 peak	 sequence	
showed	a	similar	trend	in	every	muscle,	we	averaged	EMG	peak	curves	across	the	eight	
muscles.	 Subsequently,	 we	 fit	 the	 averaged	 curves	 to	 the	 decreasing	 form	 of	 the	
exponential	decay	model,	which	is	defined	by:	
	 m = 	mh + (n − mh) · 1 − of+?	 	 (	11	)	
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This	model	 is	usually	employed	 to	describe	 first	order	kinetics,	 i.e.,	 processes	
governed	by	a	rate	of	change	that	depends	on	the	size	of	the	population	producing	such	
change188.	 In	 the	case	of	muscles,	we	can	assume	 that	 the	amount	of	muscle	 fibers	
present	 in	 the	 upper-limb	 is	 finite.	 In	 consequence,	 during	 muscle	 contraction	 the	
amount	of	 fibers	 that	are	available	 for	 recruitment	decreases	gradually,	as	does	 the	
capacity	 to	 increase	 the	 EMG	 amplitude	 189.	 The	 goodness	 of	 fit	 of	 the	model	 was	
assessed	using	the	R2	value	and	the	sum	of	squares,	defined	as	the	absolute	sum	of	
squares	of	the	distances	from	the	data-points	to	the	fitted	curve.	
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For	 inter-subject	 comparisons,	 we	 classified	 the	 synergies	 obtained	 from	 all	










synergies	 or	 activation	 coefficients	 represent	 similar	 muscle	 activities.	 From	 a	
physiological	perspective,	the	functional	similarity	is	what	is	important	when	it	comes	
to	interpret	the	similarity	between	the	control	structures	as	similar	motor	behaviors.	
Therefore,	 in	 order	 to	 quantify	 the	 functional	 interlimb	 similarity	 between	 muscle	






cross-reconstruction	 performed	 from	 the	 activation	 coefficients	 (H)	 of	 the	 opposite	
limb.	 This	 process	 was	 repeated	 for	 every	 movement	 and	 subject.	 To	 quantify	 the	







(VAF*cr),	 calculated	with	 reference	 to	VAFref.	 The	 later	 estimates	 the	 reconstruction	















coincides	with	 the	position	of	 the	muscle	 belly,	 the	part	 of	 the	muscle	where	most	
contractile	 fibers	 reside.	 This	 is	 relevant	 to	 rehabilitation	 as	 both	 the	 degree	 of	
impairment	192	and	the	effectiveness	of	 rehabilitation	193,194	depend	on	the	muscle’s	
distance	 to	 the	 trunk.	Time	 is	plotted	on	 the	x-axis,	with	 time	needed	 to	perform	a	
repetition	of	each	movement	normalized	to	100	points.	Time	normalization	is	essential	
to	overcome	the	natural	variability	of	the	human	motor	coordination,	which	even	in	
the	most	standardized	movement	repetitions	 induces	 important	within-subject	 trial-































NInter-subject	 =	 30	 inter-subject	 similarity	 measures	 against	 NInterlimb	 =	 12	 interlimb	
























Figure	 10	 shows	 representative	 examples	 of	 EMG	 signals	 all	 collected	 from	















later,	 the	 deltoid	 heads.	 This	 kind	 of	 coordinated	 behavior	 is	 observed	 in	 all	 the	
movements	under	analysis.		











Movement	 durations	 ranged	 between	 0.9	 and	 1.6	 seconds	 from	 subject	 to	






















Figure	11	 Interlimb	comparison	of	movement	duration	across	 subjects.	Bars	 represent	 the	mean	
movement	duration	of	each	subject	averaged	across	the	30	repetitions	of	each	movement.	Error	bars	
are	 SD.	 Black	 bars	 correspond	 to	 left	 arm	 movements	 and	 grey	 bars	 correspond	 to	 right	 arm	
movements.	 Significant	 interlimb	 differences	were	 identified	 through	 the	 paired	 t-test	 (***	 =	 p	 <	
0.001).	
	 	


















*** *** *** ***














be	 seen	 in	 Figure	 12B	 and	 Figure	 12C	 (the	 dataset	 corresponds	 to	 the	 shoulder	
abduction	of	subject	S2).	The	trend	described	follows	an	exponential	decay	model	in	all	









of	 the	 right	deltoid	anterior	 (DA)	 reach	a	 larger	plateau	 than	 the	 left	DA	and	so	on.	



















arm	 muscles.	 Each	 line	 fits	 the	 exponential	 decay	 model	 for	 the	 corresponding	 muscle.	 (c)	
Enlargement	of	panel	b	view	in	the	range	of	0	–	0.15	V.	
The	parameters	of	 the	 fitted	models	are	contained	 in	Table	13.	 These	 results	
come	 in	 agreement	 with	 the	 gradual	 rise	 in	 amplitude	 reported	 during	 repetitive	
voluntary	contractions	196,197.	This	amplitude	rise	reflects	a	fiber	recruitment	pattern	
according	 to	which,	 during	 the	 first	 repetitions	 only	 a	 small	 fraction	 of	 all	 available	
fibers	is	recruited	and	as	the	exercise	progresses,	new	fresh	fibers	are	recruited	until	a	
maximum	 is	 reached.	Interestingly,	 the	 kinetic	 and	magnitude	 characteristics	 of	 the	
exponential	decay	curves	(i.e.	the	recruitment	pattern)	differ	from	subject	to	subject,	
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curves	 in	 their	 right	 arm,	while	others	 in	 their	 left	 arm.	 These	 findings	 suggest	 that	
interlimb	differences	are	highly	subject-specific,	at	least	in	this	regard.	
Subject	 Movement	 Y0	 C	 k	
S2	
SAbd	(L)	 0.089	 0.107	 0.050	
SAbd	(R)	 0.048	 0.150	 0.185	
SAdd	(L)	 0.040	 0.074	 0.324	
SAdd	(R)	 -0.073	 0.095	 1.266	
SERot	(L)	 0.025	 0.041	 0.067	
SERot	(R)	 0.024	 0.038	 0.160	
SIRot	(L)	 0.011	 0.038	 0.101	
SIRot	(R)	 0.020	 2.538	 0.000	
EFlex	(L)	 0.006	 0.030	 0.294	
EFlex	(R)	 0.009	 0.040	 0.151	
EExt	(L)	 0.012	 0.029	 0.185	
EExt	(R)	 0.020	 0.039	 0.076	
S5	
SAbd	(L)	 0.046	 0.121	 0.242	
SAbd	(R)	 0.053	 0.090	 0.078	
SAdd	(L)	 0.024	 0.080	 0.401	
SAdd	(R)	 0,024	 0.071	 0.079	
SERot	(L)	 0.065	 0.079	 0.128	
SERot	(R)	 0.029	 0.058	 0.796	
SIRot	(L)	 0.011	 0.051	 0.395	
SIRot	(R)	 0.029	 0.052	 0.092	
EFlex	(L)	 0.022	 0.035	 0.057	
EFlex	(R)	 0.014	 0.055	 0.073	
EExt	(L)	 0.011	 0.030	 0.041	
EExt	(R)	 0.012	 0.043	 0.074	
















Therefore,	 in	 order	 to	 discard	 that	 the	 observed	 amplitude	 rise	was	 due	 to	muscle	



























that	 the	 control	 structure	 of	 these	 movements	 can	 generally	 be	 explained	 by	 two	





represent	 the	 corresponding	 activation	 coefficients.	 As	we	 can	 see,	 there	 is	 a	 large	

































Figure	 15	 extends	 this	 perspective	 to	 the	 entire	 population	 and	 shows	 the	
control	 structure	 of	 the	 studied	 population	 averaged	 for	 each	 movement:	 bars	
represent	 the	muscle	 synergies	 of	 each	movement	 averaged	 across	 the	 population,	
while	thick	black	curves	represent	the	corresponding	mean	activation	coefficients.	In	







average	activation	coefficient	of	 synergy	1	 (H1)	 in	 shoulder	 internal	 rotation	 (Figure	




15C).	 In	all	 these	cases,	 the	 individual	activation	coefficients	deviate	 from	the	mean	
curve,	but	are	found	to	be	very	similar	in	the	two	arms	of	each	subject.	These	findings	
indicate	that	1)	a	common	control	structure	cannot	be	generalizable	to	all	subjects	and	












Figure	 15	Mean	 control	 structures	 of	 the	movements	 under	 analysis.	A,	 Shoulder	 abduction	
(SAbd).	B,	Shoulder	abduction	(SAdd).	C,	Shoulder	internal	rotation	(SIRot).	D,	Shoulder	external	
rotation	(SERot).	E,	Elbow	flexion	(EFlex).	F,	Elbow	extension	(EExt).	Six	graphs	are	plotted	for	the	
control	 structure	of	 each	 component,	 those	on	 the	 left	 and	 right	of	 each	 column	 showing	 the	
control	 structure	of	 the	 left	 and	 right	 arms	 respectively.	W1	and	W2	are	mean	 synergy	1	 and	























was	 also	 significantly	 higher	 than	 right	 or	 left	 inter-subject	 similarities	 in	 every	
movement	 (Wilcoxon	 rank-sum	 test;	 p	 =	 see	 Figure	 16B;	 N	 =	 30	 vs	 12	 for	 each	
movement).	 Unlike	 muscle	 synergies,	 we	 found	 significant	 differences	 in	 the	 inter-
subject	similarity	of	right	and	left	activation	coefficients	(Wilcoxon	signed-rank	test;	p	
=	see	Figure	16B;	N	=	30	for	each	movement).	Friedman	tests	revealed	that	similarity	
varies	 from	 movement	 to	 movement	 (p	 <	 0.05),	 suggesting	 that	 the	 degree	 of	
conservation	of	the	control	structure	depends	on	movement	characteristics.	In	effect,	
movements	 involving	 rotatory	degrees	of	 freedom	around	 the	 longitudinal	axis,	 i.e.,	



























To	 functionally	 prove	 within-subject	 limb	 interchangeability	 of	 the	 control	
structure,	we	cross-reconstructed	the	muscle	activity	of	one	limb	with	the	synergies	or	
the	 activation	 coefficient	 of	 the	 opposite	 limb.	Figure	 17	 shows	 the	original	muscle	
activity,	 the	 reconstruction	 from	 the	 original	 control	 structure,	 and	 the	 cross-











across	 movements	 (Friedman	 test;	 p	 >	 0.05;	 N	 Subject	 x	 movements	 =	 [6x6])	 or	 muscles	
(Friedman	 test;	 p	 >	 0.05;	N	 Subject*movement	 x	muscles	=	 [36x8]).	 Similarly,	we	did	not	 find	













synergies	 and	 red	 lines	 represent	 the	 cross-reconstructed	 muscle	 activity	 from	 the	 activation	
coefficients	 of	 the	 opposite	 limb.	 Each	 column	 represents	 a	muscle:	 brachioradialis	 (BRD),	 biceps	
brachii	 (BB),	 triceps	 brachii	 long	 head	 (TBL),	 pectoralis	major	 (PM),	medial	 deltoid	 (DM),	 anterior	
deltoid	(DA),	trapezius	superior	(TS)	and	infraspinatus	(IS).	Movements	are	arranged	in	pairs	of	rows	
with	 the	 first	 row	 corresponding	 to	 left	 arm	 activity	 (L)	 and	 second	 to	 the	 right	 arm	 activity	 (R):	
shoulder	abduction	(SAbd),	shoulder	abduction	(SAdd),	shoulder	external	rotation	(SERot),	shoulder	
internal	 rotation	 (SIRot),	 elbow	 flexion	 (EFlex)	 and	 elbow	 extension	 (EExt).	 Data	 are	 from	 a	
representative	subject.		
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to	the	 isometric	 references	used	 in	200	 to	reduce	the	effect	of	 the	abnormal	 flexion-
extension	synergies	in	patients	with	stroke.	
Figure	19	displays	a	representative	example	of	right	and	left	arm	activity	maps	
of	 the	 6	 movements	 under	 analysis.	 Reading	 the	 activity	 maps	 is	 extremely	
straightforward.	For	instance,	according	to	the	activity	map	depicted	in	Figure	19A,	in	





counteract	 gravitational	 forces	 and	 maintain	 the	 full	 arm	 extended	 parallel	 to	 the	
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the	 external	 rotation	 beyond	 their	 articular	 amplitude,	 which	 made	 them	 contract	
excessively	 the	 rotator	 cuff	 muscles,	 such	 as	 the	 IS.	 In	 order	 to	 keep	 the	 forearm	






Shoulder	 internal	 rotation	 (SIRot).	E,	 Elbow	 flexion	 (EFlex).	F,	 Elbow	extension	 (EExt).	Muscles	 are	
sorted	 in	 the	y-axis	according	 to	 the	position	of	 their	electrodes	along	 the	 longitudinal	axis	of	 the	
body,	with	distal	muscles	placed	at	the	top	and	proximal	muscles	at	the	bottom:	brachioradialis	(BRD),	

















The	 elbow	 flexion	 (Figure	 19E)	 is	 governed	 by	 a	 progressive	 activity	 of	 the	
proximal	muscles	(BB,	TBL,	DM,	DA	and	PM),	which	reaches	a	maximum	approximately	
at	 the	 80%	 of	 the	 movement	 completion,	 after	 which	 it	 decreases	 gradually.	 The	
movement	 is	 dominated	 by	 the	main	 agonist/antagonist	 activity	 of	 biceps	 (BB)	 and	
triceps	(TBL),	which	can	be	clearly	observed	as	an	activity	peak	in	the	map.		
This	 is	 less	visible	 in	the	elbow	extension	movement	(Figure	19F),	presumably	
because	 subjects	 tended	 to	drop	 the	 forearm	 in	 favor	of	 gravity	exerting	almost	no	
force	to	perform	that	movement,	except	proximal	muscles	that	were	activated	to	keep	
the	arm	attached	 to	 the	 trunk	during	movement	execution.	Notably,	 all	 the	activity	
maps	reflect	a	high	correspondence	in	the	control	structure	of	the	two	limbs.	Note	that	
the	 activity	 maps	 support	 the	 existing	 physiological	 knowledge	 about	 upper-limb	
movements	 regarding	 muscle	 participation,	 and	 in	 addition,	 provide	 detailed	
information	about	the	coactivation	and	timing	patterns	of	these	muscles.	







left	 upper-limb	 muscles.	 Due	 to	 the	 inherent	 variability	 of	 motor	 control,	 the	
electromyographic	 features	 vary	 substantially	 from	 subject	 to	 subject	 201.	 For	 this	
reason,	we	performed	EMG	characterization	at	individual	level.	






first	 repetitions	 only	 a	 small	 fraction	 of	 all	 available	 fibers	 are	 recruited	 and	 as	 the	
exercise	 progresses,	 new	 fresh	 fibers	 are	 added	 until	 a	 maximum	 is	 reached.	
Accordingly,	a	gradual	rise	in	amplitude	has	been	identified	during	repetitive	voluntary	
contractions196,197.	
On	 the	other	hand,	 the	MDF	rise	coincides	with	 the	 time	period	 in	which	 the	
exponential	growth	of	the	EMG	peak	amplitude	occurs,	suggesting	that	during	the	first	











	Interestingly,	 the	 aforementioned	patterns	 vary	 substantially	 from	 subject	 to	
subject.	 Indeed,	although	all	 subjects	were	 right-handed,	we	 found	significant	 inter-
limb	 differences	 among	 subjects.	 Namely,	 some	 subjects	 tended	 to	 perform	
significantly	slower	movements	with	their	dominant	arm	and	vive	versa.	We	also	found	
differences	 in	 the	kinetic	characteristics	of	 the	exponential	decay	model	such	as	 the	
slope	 (recruitment	 rate)	 and	 the	 time	 to	 reach	 the	 plateau	phase.	 Again,	 inter-limb	
differences	did	not	favor	always	the	same	side.	Instead,	some	subjects	exhibited	faster	
and	taller	exponential	decay	curves	 in	their	right	arm,	while	others	 in	their	 left	arm.	
These	 differences	 may	 be	 attributed	 to	 individual	 biomechanical,	 physiological	 and	
behavioral	inter-limb	heterogeneity	187	and	suggest	that	muscle	recruitment	patterns	
may	not	be	determined	by	handedness.	As	a	matter	of	fact,	Franz	et	al.	discovered	that	
bimanual	 tasks	were	not	necessarily	 lead	by	 the	dominant	 arm	 203.	 In	 conclusion,	 it	
turns	 obvious	 that	 the	 motor	 control	 is	 heavily	 tuned	 at	 individual	 level.	 Hence,	




movement	 patterns	 affected	 by	 stroke	 based	 on	 the	 hypothesis	 that	 the	 control	
structure	may	overcome	the	high	inter-subject	(and	inter-limb)	variability	found	in	EMG	
features.	The	patterns	analyzed	constitute	what	is	clinically	known	as	abnormal	flexion-
extension	 synergies	 35.	 We	 have	 focused	 on	 these	 patterns	 first,	 because	 they	
constitute	one	of	the	main	and	best	known	causes	of	motor	impairment	in	stroke	117;	
and	second,	because	training	these	patterns	separately	leads	to	significant	functional	
improvement	 131,200.	 Note	 that	 the	 fact	 that	 these	 tasks	 have	 just	 one	 degree	 of	
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training	 205,206.	 In	 particular,	 Nazarpour	 and	 colleagues	 demonstrated	 the	 dynamic	
emergence	 of	 new	 synergies	modulated	 by	 feedforward	 and	 feedback	mechanisms	








finding	 has	 important	 implications	 for	 rehabilitation,	 since	 it	 means	 that	 our	 body	
















In	 particular,	 given	 that	 stroke	 seems	 not	 to	 alter	 the	 muscle	 synergies	 of	 the	







et	 al.	 studied	 limb	 differences	 in	 motor	 performance	 and	 reported	 that	 the	
nondominant	arm	showed	higher	error,	more	variable	paths	and	higher	join	variance	
208.	In	the	face	of	such	differences,	some	authors	have	proposed	that	the	controllers	of	









activation	 coefficients	 may	 be	 a	 key	 aspect	 to	 exploit	 in	 rehabilitation.	 Moreover,	
several	studies	agree	that	the	deteriorated	motor	performance	of	stroke	patients	arises	
from	 altered	 synergy	 recruitment	 patterns	 but	 not	 from	 the	 synergy	 composition	
(except	 in	 the	 most	 severe	 cases)	 120,178.	 In	 other	 words,	 abnormal	 activation	




original	 activation	 coefficients	 based	 on	 the	 patterns	 preserved	 in	 the	 healthy	 side	
might	be	the	right	approach	to	boost	rehabilitation.	Interestingly,	our	results	indicate	
that	cross-reconstruction	can	be	performed	with	accuracy	over	90%	from	either	 the	
activation	 coefficient	 or	 the	 synergies	 of	 the	 opposite	 limb.	 This	 gives	 experimental	
evidence	that	relearning	how	to	activate	muscles	according	to	a	healthy	recruitment	
pattern	 may	 lead	 to	 improved	 motor	 function.	 In	 any	 case,	 it	 seems	 evident	 that	
activation	coefficients	constitute	a	promising	therapeutic	target.	
12.4 	CROSS-RECONSTRUCTION	 QUALITY	 IS	 INDEPENDENT	 OF		
HANDEDNESS	










to	 improve	 motor	 rehabilitation.	 Experimental	 evidence	 indicate	 that	 the	 spatial	
distribution	of	EMG	amplitude	is	task	specific	so	that	it	may	be	used	to	control	a	robotic	
arm	211.	Although	it	is	true	that	the	EMG	maps	used	in	these	studies	correspond	to	high-
density	 EMG	maps,	 certain	 authors	 verified	 that	 just	 few	 channels	were	 needed	 to	
characterize	each	task,	particularly	those	localized	above	the	main	agonist	of	the	task	
212.	Thus,	 it	 is	reasonable	that	the	activity	maps	presented	here,	which	comprise	the	
main	 muscles	 involved	 in	 the	 movements	 under	 analysis,	 capture	 most	 relevant	
neuromuscular	characteristics	of	those	movements	while	providing	low-density	spatial	
		








Functional	 electrical	 stimulation	 (FES),	 which	 has	 been	 proven	 to	 promote	
functional	recovery	213,214,	is	a	great	candidate	to	exploit	the	proposed	activity	maps.	




input	 variables	 that	 cannot	 be	 always	 easily	 obtained	 are	 needed	 218.	 As	 explained	
before,	 our	 maps	 are	 individual	 representations	 of	 the	 muscle	 activations	 used	 to	
produce	a	movement	in	the	absence	of	neurological	impairment.	Because	these	maps	
represent	the	particular	neuromuscular	control	of	each	subject	and	include	time	and	
amplitude	 information,	 they	 have	 the	 potential	 to	 circumvent	 the	 biomechanical	
models	and	be	straightly	used	to	program	the	stimulation	cues	of	FES	so	that	patients	
would	 get	 their	 muscles	 stimulated	 following	 the	 activation	 patterns	 of	 their	 non-
impaired	limb.	





neuromuscular	 control,	 with	 special	 focus	 on	 the	 upper-limb	 movement	 patterns	
affected	by	stroke	since	rehabilitation	may	strongly	benefit	from	the	conclusions	herein	
extracted.	 The	 study	 confirms	 that	 EMG	 signals	 are	 tremendously	 variable	 among	
subjects	and	inconsistent	with	any	handedness-dominance	principle.	 In	contrast,	the	
control	 structure	 overcomes	 this	 drawback	 showing	 a	 significantly	 high	 inter-limb	
similarity	 than	 can	 be	 exploited	 in	 rehabilitation.	 Indeed,	 we	 demonstrate	 that	 the	
muscle	 activity	 of	 a	 limb	 can	 be	 reconstructed	 from	 the	 control	 structure	 of	 the	
opposite	limb.	Overall,	when	it	comes	to	clinical	applications	these	results	highlight	the	


























Visual	 feedback	(VF)	 is	applied	 in	a	variety	of	therapies	to	recover	motor	skills	
after	 stroke.	However,	 the	 exact	mechanisms	 underlying	 the	 beneficial	 effects	 of	 VF	
remain	unclear,	limiting	its	optimal	use	in	clinical	practice.	In	this	study,	we	hypothesize	
that	VF	may	have	the	capacity	to	modulate	the	neuromuscular	organization	based	on	
the	 error	 correction	 mechanisms	 of	 our	 motor	 system.	 To	 this	 end,	 we	 have	
characterized	 the	effects	 that	executing	movements	 in	presence	of	VF	 induces	 in	 the	
control	structure	of	healthy	subjects.	We	have	discovered	that	VF	is	able	to	increase	the	
ILS,	specially	in	subjects	that	report	feeling	comfortable	with	the	use	of	VF.	Indeed,	it	
seems	 that	 VF	 is	 more	 prone	 to	 modulate	 the	 nondominant	 control	 structure	 and	
approach	it	to	the	control	structure	of	the	dominant	arm.	In	light	of	such	observation,	
we	propose	that	VF	may	facilitate	the	transfer	of	superior	motor	programs	stored	in	the	
dominant	hemisphere	 to	optimize	 the	nondominant	arm’s	motor	control.	 In	order	 to	
test	 this	 hypothesis,	 we	 have	 also	 quantified	 the	 intermanual	 transfer	 (IMT)	 of	 the	
dominant	control	structure	to	the	nondominant	arm	during	the	execution	of	a	complete	
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At	 the	 end	 of	 the	
experimental	 session,	
subjects	were	asked	to	fill	

















































may	no	 correspond	 to	 the	 same	motor	module.	 In	 other	words,	 each	 time	 that	we	
conduct	a	synergy	extraction,	we	get	2	synergies	labelled	W1	and	W2.	Thus,	for	each	
movement	we	have	4	sets	of	2	synergies:	{W1,	W2}L,nVF,		{W1,	W2}R,nVF,		{W1,	W2}L,VF,		
{W1,	W2}R,VF.	 However,	 since	 synergies	 are	 separately	 extracted	 for	 each	 limb	 and	
condition,	we	cannot	guarantee	that	for	example	what	it	is	labelled	as	W1	L,VF	and	W1	





might	be	 incorrectly	 sorted	after	 synergy	extraction.	Note	 that	 synergy	extraction	 is	
done	 separately	 for	 each	 column	 (arm	 x	 condition).	 Therefore,	 this	 process	 only	
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Side	 Left	limb	 Right	limb	 Left	limb	 Right	limb	
Physiological	Motor	Module1	 W1	 W2*	 W1	 W1	
Physiological	Motor	Module2	 W2	 W1*	 W2	 W2	





activation	 coefficients,	 because	 visually	 supervising	 the	 similarity	 of	 activation	
coefficients	 is	 easier	 than	 for	 synergies.	 Naturally,	 synergies	 were	 subsequently	
matched	according	to	their	corresponding	sorted	activation	coefficients.	Overall,	 the	







Side	 Left	limb	 Right	limb	 Left	limb	 Right	limb	
Physiological	Motor	Program1	 H1	 H1	 H1	 H1	
Physiological	Motor	Program2	 H2	 H2	 H2	 H2	
Table	16	Target	matching	of	activation	coefficients	across	limbs	and	conditions	after	synergy	
matching	process	
Note	 that	 the	movements	 under	 analysis	were	 reliably	 reconstructed	with	 2-
synergy	models.	 Therefore,	 for	 the	 right	 (R)	and	 left	 (L)	 arms	we	could	define	W1R,	
W2R,	W1	L,	W2	L	and	their	corresponding	scalar	products	S1	=	W1R	·	W1L,	S2	=	W2R	·	
W2L,	 S1x	 =	 W1R	 ·	 W2L,	 S2x	 =	 W2R	 ·	 W1L	 for	 each	 condition	 (nVF	 and	 VF).	 (see	











In	 the	 first	 step,	 we	 performed	 within-subject	 interlimb	 synergy	 matching	
applying	the	following	rule	for	each	subject	and	movement:	
This	process	guarantees	a	correct	match	between	H1R	and	H1L,	and	H2R	and	H2L	
within	 each	 condition;	 but	 does	 not	 ensure	 that	 activation	 coefficients	 are	
appropriately	matched	across	conditions.	That	 is,	returning	to	the	tables	used	in	the	


























can	 easily	 find	 examples	 in	 which	 H1	 activation	 coefficients	 (red	 lines)	 obtained	 in	


















































And	 we	 applied	 the	 same	 algorithm	 used	 in	 the	 first	 step,	 but	 using	 the	
aforedescribed	averaged	synergies	instead	of	H1R,	H2L,	H2R	and	H2L.	The	final	result	of	
the	matching	process	after	applying	this	step	can	be	seen	in	the	following	figures.	









































Note	 that	 according	 to	 this	 procedure	 the	 subindices	 1	 and	 2	 of	 activation	
synergies	 (W1	 and	W2)	 and	 activation	 coefficients	 (H1	 and	 H2)	 are	 just	 used	 for	
identification	purposes	and	do	not	express	any	kind	of	relationship	between	them.	One	
can	easily	confirm	from	the	observation	of	Figure	27	to	Figure	32,	that	after	applying	
the	 synergy	 matching	 process	 all	 the	 activation	 coefficients	 tagged	 H1	 and	 all	 the	






synergies	 or	 activation	 coefficients.	 Unlike	 scalar	 products	 and	 cross-correlation	



































time-varying	 constructs.	 Therefore,	 for	 obvious	 reasons,	 this	 section	 pays	 special	
attention	to	the	time	course	of	the	activation	coefficients.	































Because	 the	 activation	 coefficients	 are	 100	 time-points	 long,	 calculating	 the	




portions	 that	 lasted	 at	 least	 10%	of	 the	 total	movement	 execution	 (i.e.	movement-
portions	that	were	more	than	10	data-points	 long)	 following	the	same	trend.	Taking	





















































			†	 ∈ {bI!, I!}		 (	20	)	
where,	
• Hi,S	is	the	i-th	activation	coefficient	from	right	(S=R)	or	left	(S=L)	arm	













test	 pattern)	 and	 nondominant	 activation	 coefficients	 (ND,	 reference	 pattern)	 is	 a	
measure	of	“how	much”	of	the	test	pattern	is	present	in	the	reference	pattern,	or	in	
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other	 words,	 a	 measure	 of	 IMT.	 However,	 because	 cross-correlation	 is	 a	 relative	
measure,	the	need	exists	to	reference	it	to	a	baseline,	in	order	to	provide	comparable	
metrics.		
In	 this	 section	 we	 considered	 two	 possible	 IMT-types.	 On	 the	 one	 hand,	 we	
















. 100 − 100	 (	23	)	
14.9 	STAGE	BY	STAGE	SYNERGY	EXTRACTION		
In	order	 to	study	potential	 learning-effects,	we	went	back	 to	 the	EMG	signals	












Figure	 33	 Muscle	 synergy	 extraction	 workflow	 for	 the	 study	 of	 learning	 effects.	 The	 schema	
illustrates	the	steps	to	obtain	3	consecutive	average	control	structures	from	a	single	concatenated	
EMG	signal	corresponding	to	the	30	repetitions	executed	for	each	movement,	by	one	subject’s	arm	in	
one	 condition	 (nVF	 or	 VF).	 a)	 Single	 preprocessed	 and	 concatenated	 EMG	 signal	 consisting	 of	 30	
repetitions	b)	Consecutive	and	concatenated	EMG	signals	 consisting	of	10	 repetitions	c)	Averaged	










movement	 and	 arm	 separately	 for	 each	 condition	 (Figure	 33c).	 As	 in	 the	 regular	
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for	 each	movement	 and	 arm	 (30	 repetitions	 averaged	 by	movement	 and	 arm),	 this	






14.10.1 Interaction effects on VF-driven ILS changes 
We	applied	ANOVA	tests	to	assess	whether	the	ILS	similarity	changes	induced	by	
VF	 were	 affected	 by	 potential	 interaction	 effects	 from	 individual	 subjects	 and	
movements.	In	this	regard,	we	carried	out	N-Way	analysis	of	variance	(using	Matlab’s	
built-in	anovan	function).	Significant	interaction	was	assumed	if	p	<	0.05.	
14.10.2 Temporal effect of VF on ILS  




















27	 were	 concatenated	 one	 after	 the	 other	 into	 one	 vector.	 Also,	 columns	 2	 and	 4;	
columns	5	and	7;	and	columns	6	and	8.		
14.10.3 Interaction effects on IMT measures 
We	 applied	 two-way	 ANOVA	 test	 to	 assess	 the	 effect	 of	 each	 independent	
variable	 (subjects	 and	movements)	 on	 the	magnitude	 of	 ILS	 improvement	 and	 IMT	
induced	 by	 VF.	We	 also	 use	 this	 test	 to	 examine	 possible	 interactions	 between	 the	
variables.	That	 is,	we	 investigated	whether	 the	effect	of	 subjects	 significantly	varied	
from	movement	to	movement	and	vice	versa.	 	










	summarizes	 the	 answers	 given	 by	 subjects	 after	 finishing	 the	 experimental	



















2. Subject	 4	 recognized	 that	 he	 sometimes	 failed	 to	 make	 movement	






S1	 S2	 S3	 S4	 S5	 S6	
Q1	 5	 5	 5	 5	 5	 1	
Q2	 1	 1	 1	 1	 1	 3	
Q3	 1	 1	 1	 3	 1	 1	
Q4	 5	 4	 5	 5	 5	 5	
Q5	 1	 4	 2	 1	 3	 1	
Table	18	Answers	given	by	the	subject	in	the	auto-evaluation	questionnaire	delivered	after	
the	experiment.	Q1	–	I	had	practiced	these	exercises	before.	Q2	–	The	mirror	made	me	lose	








these	 inter-subject	 particularities	 should	 be	 always	 kept	 in	 mind	 to	 ensure	 the	
adequate	interpretation	of	the	results.	
	 	




This	 section	 is	 aimed	 at	 studying	 the	 effect	 of	 VF	 in	 the	 performance	 of	
movements.	 In	particular,	we	focused	on	the	effect	of	VF	in	the	movement	duration	
(and	indirectly	movement	speed)	and	in	the	variability	of	movement	duration.	
15.2.1 The effect of VF on movement duration 
Figure	34	represents	the	duration	of	the	movements	executed	by	each	subject	
in	 absence	 (Figure	 34A)	 and	 presence	 of	 VF	 (Figure	 34B)	 averaged	 across	 the	 30	
repetitions.	Overall,	movement	duration	seems	to	be	quite	a	consistent	within-subject	
characteristic	across	movements,	with	SD	being	around	between	18%	and	20%	of	the	
mean	duration	 in	all	 cases.	However,	major	duration	differences	can	be	 found	 from	
subject	to	subject.	
	















Indeed,	 N-way	 ANOVA	 test	 reveals	 statistically	 significant	 differences	 of	
movement	duration	between	subjects	(p	<	0.001,	F5,4261	=	1117.95),	movement	types	
(p	<	0.001,	F5,4261	 	=	397.44),	arm	dominance	(p	<	0.001,	F1,4261	 	=	62.11)	and	VF	(p	<	











movements	 (Figure	 35).	 However,	 the	 effect	 of	 VF	 varies	 from	 subject	 to	 subject.	
Indeed,	 VF	 significantly	 increases	 the	 execution	 velocity	 in	 S1,	 S3	 and	 S5,	 while	






statistical	 significance	 is	estimated	using	Wilcoxon	signed-rank	 test	 for	each	subject.	
For	 each	 subject,	we	 compared	 a	 pair	 (nVF	 vs	 VF)	 of	 12	 element-vector	 created	 by	
concatenating	 the	 6	mean	movement	 durations	 (averaged	 across	 30	 repetitions)	 of	





in	 absence	 of	 VF,	 such	 increase	 occurs	 in	 both	 arms.	 Consistently,	 if	 VF	 decreases	
movement	 execution	 velocity	 with	 respect	 to	 the	 movement	 execution	 found	 in	
absence	of	VF,	the	decrease	occurs	in	both	arms.	Interestingly,	whether	VF	increases	or	
decreases	the	movement	speed	will	depend	on	the	subject	analyzed.	
Regarding	 inter-arm	 comparisons,	 we	 found	 no	 significant	 differences	 in	 the	
movement	speed	due	to	arm	laterality.	In	other	words,	the	speed	achieved	in	absence	
of	 VF	 by	 the	 right	 and	 left	 arm	of	 a	 given	 subject	was	 similar,	 as	 so	was	 the	 speed	
achieved	 by	 the	 right	 and	 left	 arm	 in	 presence	 of	 VF.	 However,	 the	 statistical	 tests	
determined	 that	 VF	 affected	 predominantly	 one	 or	 either	 the	 other	 arm	 in	 those	
subjects	 recognizing	 interlimb	 differences	 in	 their	 ability	 to	 execute	movements.	 In	
particular,	 Wilcoxon	 signed-rank	 tests	 revealed	 that	 VF	 significantly	 increased	
movement	 execution	 velocity	 in	 the	 dominant	 arm	 of	 S1	 and	 S5	 (p	 <	 0.05),	 while	
significantly	decreasing	the	execution	velocity	of	the	nondominant	arm	of	S2	(p	<	0.05).	













data	 from	 a	 subject	 (S1-S6).	 Bars	 are	 mean	 duration	 (averaged	 across	 6	 movements	 and	 30	
repetitions)	+/-	SD.	ND	-	Nondominant	arm,	D	-	Dominant	arm,	nVF	-	non	visual	feedback,	VF	–	visual	
feedback.	*p<0.05.	 	
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SDND	=	0.1758.	 Interestingly,	VF	 contributes	 to	 slightly	 reduce	 such	variability	 in	 the	
nondominant	 arm.	 It	 has	 to	 be	 said,	 though,	 that	 these	 differences	 did	 not	 reach	
statistical	significance	(Wilcoxon	signed	rank	test,	p	>	0.05),	but	this	may	be	due	to	the	
















Next,	 we	 analyzed	 the	 movement	 variability	 found	 in	 each	 movement	 type	
across	subjects	and	repetitions	(Figure	38).	We	found	that	some	movements	tend	to	
be	 more	 variable	 than	 others.	 In	 particular,	 longer	 movements	 such	 as	 shoulder	
abduction	and	adduction	are	clearly	more	variable	 than	the	rest	of	 the	movements.		




variability	 was	 correlated	 (Figure	 39).	 Our	 results	 indicate	 that	 there	 is	 a	 positive	
correlation	between	movement	duration	and	movement	variability	across	repetitions,	

































Subject	 D	-	nVF	 D	-	VF	 ND	-	nVF	 ND	-	VF	
S1	 0.2618	 0.5932	 0.7150*	 0.5070	
S2	 0.0139	 0.3663	 0.2371	 0.6998*	
S3	 0.3836	 0.0732	 0.3932	 0.0140	
S4	 0.8902	 0.6976*	 0.3545*	 0.7610*	
S5	 0.5557*	 0.6041	 0.2435	 0.4283	






cases,	 the	 nature	 of	 such	 modification	 varies	 from	 subject	 to	 subject.	 In	 most	
nondominant	arms	(S1,	S2,	S4,	S5),	VF	increases	the	slope	of	the	linear	regression.	That	
is,	in	presence	of	VF,	the	slower	the	movement,	the	greater	the	speed	variability.	In	S3	
ad	 S6,	 the	 effect	 of	 VF	 is	 just	 the	 opposite.	 Regarding	 arm	 side,	 the	 pattern	 of	
modification	 of	 the	 dominant	 arm	 matches	 the	 pattern	 of	 the	 nondominant	 arm,	
except	in	S1	and	S6	for	which	VF	increases	the	slope	in	one	arm,	and	decreases	it	in	the	
other	(Figure	40).	




















the	 results	 described	 in	 this	 section	 are	 separately	 explained	 for	 subjects	 and	
movement-types.	




adduction	 and	 shoulder	 external	 rotation	 in	 absence	 and	 presence	 of	 VF,	 and	 the	















scalar	 products	 for	 muscle	 synergies	 and	 Cross-correlation	 coefficient	 /	 1	 -	 ILD	 for	 activation	
coefficients.	
		









and	 curves	 are	 activation	 coefficients.	 Red	 elements	 belong	 to	 the	 control	 structure	 of	 the	
nondominant	arm	and	grey	elements	to	the	dominant	arm.	The	numbers	indicated	in	each	plot	are	
scalar	 products	 for	 muscle	 synergies	 and	 Cross-correlation	 coefficient	 /	 1	 -	 ILD	 for	 activation	
coefficients.	
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	 S1	 S2	 S3	 S4	 S5	 S6	
W1	 0.5625	 0.5625	 0.8438	 1	 0.4375	 0.2188	
W2	 0.8438	 0.4375	 1	 0.84375	 0.5625	 0.8438	
<W1,W2>	 0.6772	 0.2036	 0.7910	 0.8501	 0.2036	 0.2334	
H1	 0.5625	 0.6875	 0.6875	 0.0313	 0.1563	 0.5625	
H2	 0.3125	 0.2188	 1	 0.3125	 0.0625	 0.4375	
<H1,	H2>	 0.3013	 0.6772	 0.7910	 0.0122	 0.9097	 0.9697	
Table	 20	 p-values	 of	Wilcoxon	 rank	 test	 comparing	 ILS	 in	 absence	 and	 presence	 of	 VF	 for	 each	
subject	across	the	6	movements.	Significant	results	(p<0.05)	are	highlighted	in	bold.	
During	data	analysis	we	observed	substantial	inter-subject	differences	but	also	

































d.f.	 F	 Prob	 >	
F	
Subject	 0.0785	 5	 2.6672	 0.0459	 0.0456	 5	 0.8591	 0.5219	
Movement	 0.0677	 5	 2.2990	 0.0754	 0.0387	 5	 0.7293	 0.6081	
Condition	 10
-05	 1	 0.0042	 0.9488	 10-4	 1	 0.0246	 0.8767	
Subj	x	Mov	 0.2854	 25	 1.9388	 0.0522	 0.5584	 25	 2.1043	 0.0343	
Subj	x	Cond	 0.0327	 5	 1.1108	 0.3798	 0.0109	 5	 0.2057	 0.9570	
Mov	x	Cond	 0.0317	 5	 1.0779	 0.3964	 0.0598	 5	 1.1276	 0.3716	
Error	 0.1472	 25	 	 	 0.2653	 25	 	 	
Total	 0.6432	 71	 	 	 0.9790	 71	 	 	















d.f.	 F	 Prob	 >	
F	
Subject	 0.1043	 5	 2.7872	 0.0214	 0.0064	 5	 1.2221	 0.3046	
Movement	 0.0755	 5	 2.0176	 0.0828	 0.0088	 5	 1.6658	 0.1501	
Condition	 10
-5	 1	 0.0083	 0.9274	 10-4	 1	 0.9054	 0.3437	
Subj	x	Mov.	 0.6140	 25	 3.2830	 10
-5	 0.0528	 25	 2.0102	 0.0083	
Subj	x	Cond	 0.0325	 5	 0.8687	 0.5051	 0.0048	 5	 0.9057	 0.4807	
Mov.	x	Cond	 0.0704	 5	 1.8831	 0.1042	 0.0039	 5	 0.7473	 0.5900	
Error	 0.7257	 97	 	 	 0.1019	 97	 	 	

























d.f.	 F	 Prob	 >	
F	
Subject	 0.0035	 5	 1.4454	 0.2429	 0.0051	 5	 1.3316	 0.2833	
Movement	 0.0091	 5	 3.7773	 0.0110	 0.0099	 5	 2.5861	 0.0511	
Condition	 0.0024	 1	 4.8929	 0.0363	 10-5	 1	 0.0334	 0.8564	
Subj	x	Movem	 0.0562	 25	 4.6471	 10
-4	 0.0438	 25	 2.2936	 0.0214	
Subj	x	Cond	 0.0037	 5	 1.5236	 0.2184	 0.0035	 5	 0.9231	 0.4825	
Movem	 x	
Cond	
0.0055	 5	 2.2577	 0.0798	 0.0035	 5	 0.9089	 0.4910	
Error	 0.0121	 25	 	 	 0.0191	 25	 	 	




15.3.3 Mean ILS: movement by movement 
Figure	 54	 to	 Figure	 59	 show	 the	 ILS	 similarity	 measures	 found	 during	 the	
execution	 of	 the	 6	 movements	 under	 analysis.	 The	 subplots	 found	 in	 each	 figure	
correspond	to	the	ILS	of	a	subject.	These	bar	plots	clearly	illustrate	the	interaction	effect	
reported	by	 the	N-way	ANOVA	tests	between	movements	and	subjects.	That	 is,	 the	
effect	of	VF	on	ILS	changes	depending	on	subjects	and	movements.	For	instance,	during	
shoulder	 internal	 rotation	 (Figure	 57)	 ,	 VF	 reduces	 ILS	 in	 subject	 1	 and	 6	 (S1,	 S6),	
whereas	VF	 increases	 ILS	 in	 subject	3	and	4	 (S3,	S4).	 In	 contrast,	VF	 increases	 ILS	 in	
subject	1	during	elbow	flexion	(Figure	58),	whereas	VF	reduces	ILS	in	subject	6.	




Figure	 54	Within-subject	 ILS	measures	 during	 SHOULDER	 ABDUCTION.	 Bars	 are	 ILS	measures	 of	
shoulder	 abduction	 (scalar	 product	 for	 synergies	 and	 cross-correlation	 coefficient	 for	 activation	
coefficients)	for	each	subject	(S1-S6).	<W1,W2>	and	<H1,H2>	represent	the	averaged	ILS	of	the	two	





































personal	 skills	 to	 perform	 each	 movement.	 It	 has	 to	 be	 noted	 that	 when	 the	
questionnaire	about	the	experiment	was	carried	out,	subjects	affirmed	having	different	





2.	Bars	are	 the	 ILS	averaged	across	 the	6	subjects	 for	each	movement.	Red	bars	 represent	 the	 ILS	
found	in	absence	of	VF	and	grey	bars	represent	the	ILS	found	in	presence	of	VF.	*	p	<	0.05	for	Wilcoxon	
Signed	Rank	test.	















	 SAbd	 SAdd	 SERot	 SIRot	 EFlex	 EExt	
W1	 0.5625	 0.5625	 0.4375	 0.5625	 0.5625	 1.0000	
W2	 1.0000	 0.4375	 0.4375	 0.5625	 0.5625	 0.8438	
<W1,W2>	 0.5693	 0.3013	 0.1514	 0.4238	 0.3804	 0.6772	
H1	 1.0000	 0.3125	 0.3125	 0.5625	 0.0938	 0.0625	
H2	 0.3125	 0.6875	 0.5625	 0.8438	 1.0000	 0.4375	














cross-correlation	 coefficients	 is	 not	 possible	 since	 they	 arise	 from	 different	
quantification	 strategies.	 Therefore,	 in	 order	 to	 solve	 this	 problem,	we	 defined	 the	
interlimb	difference	(ILD)	measure	(see	14.	Specific	Procedures	(II)).		
ILD	measures	evidence	that	right	and	left	activation	coefficients	are	more	similar	





	 Muscle	Synergies	 Activation	Coefficients	 Muscle	Synergies	 Activation	Coefficients	
S1	 22.990	±	6.737	 12.775	±	5.744	 24.979	±	8.475	 10.915	±	4.820	
S2	 17.117	±	10.506	 9.537	±	4.044	 21.125	±	14.023	 10.602	±	5.157	
S3	 17.550	±	8.263	 9.925	±	3.926	 15.895	±	5.497	 10.390	±	5.842	
S4	 25.992	±	14.416	 16.061	±	12.626	 24.931	±	10.655	 10.724	±	6.347	
S5	 21.701	±	10.389	 9.771	±	6.511	 17.834	±	9.263	 10.845	±	7.052	
S6	 20.672	±	7.649	 9.949	±	6.223	 25.991	±	13.275	 10.713	±	6.843	
Table	25	Per	subject	ILD	values	of	muscle	synergies	and	activation	coefficients	in	absence	
of	VF.	Data	are	mean	±	SD.	
Figure	61	 graphically	 illustrates	within-subject	differences	between	 the	 ILD	of	
synergies	and	the	ILD	of	activation	coefficients	averaged	across	the	6	movements	for	
each	subject.	The	bar	plots	confirm	that	the	ILD	is	lower	for	activation	coefficients	than	












and	 presence	 of	 VF	 (nVF	 vs	 VF).	 The	 outcome	 of	 the	 test	 revealed	 no	 statistical	
difference	between	the	two	conditions,	suggesting	that	VF	affects	the	magnitude	of	ILD	
similarly	 for	 synergies	 and	 activation	 coefficients	 (pS1	 =	 0.5186,	 pS2	 =	 0.1514,	 pS3	 =	
0.6221,	pS4	=	0.3013,	pS5	=	0.1099,	pS6	=	0.3013).	




absence	 and	 presence	 of	 VF	 were	 only	 statistically	 significant	 in	 the	 case	 of	 the	
activation	coefficients	of	subject	S4,	for	which,	VF	significantly	decreased	the	ILD.	It	is	

























This	 section	 is	 aimed	 at	 analyzing	 whether	 the	 impact	 of	 VF	 has	 a	 dynamic	
component	on	the	control	structure	of	the	upper-limb.	That	is,	whether	the	impact	of	
VF	 changes	 throughout	 the	 time-course	of	 the	movement.	 	According	 to	 the	model	
used	 to	 characterize	 the	 control	 structure	 in	 this	 study,	 muscle	 synergies	 are	 time	
invariant	 constructs	 while	 activation	 coefficients	 represent	 time-varying	 constructs.	
Therefore,	for	obvious	reasons,	this	section	pays	special	attention	to	the	time	course	
of	the	activation	coefficients.	
15.4.1 The effect of VF on the control structure 
The	following	series	of	figures	illustrate	how	VF	affects	the	weights	of	the	muscle	
synergies	 and	 the	 time-course	 of	 the	 activation	 coefficients	 for	 each	 subject	 and	
movement.	 Each	 figure	 shows	 the	modulation	of	 the	 control	 structure	of	 a	 subject.	
Graphics	should	be	conveniently	interpreted	applying	the	following	guidelines:	




the	pair	 of	 red	 curves	 in	 each	plot.	 This	 effect	might	be	easily	 detected	by	
observing	 whether	 the	 thick	 grey	 line	 (which	 represents	 the	 difference	
between	right	and	 left	activation	coefficients	 in	presence	of	VF)	 is	closer	 to	





















If	 grey	 lines	 are	 CLOSER	 to	
each	other	than	red	lines*	
VF	increases	ILS	




When	 thick	 grey	 line	 passes	
BELOW	thin	red	line*	
VF	is	increasing	ILS	




When	 dashed	 black	 line	
passes	 BELOW	 solid	 black	
line*	
VF	 increases	 ILS	 affecting	
right	 arm	 activation	
coefficients	



























closer	 to	 each	 other	 than	 their	 counterpart	 red	 lines.	 The	 opposite	 behavior	would	
indicate	that	VF	decreases	ILS.	
From	this	type	of	plots,	we	can	also	investigate	whether	VF	preferentially	induces	
changes	 over	 the	 activation	 coefficients	 of	 right	 or	 left	 arm.	 To	 do	 so,	 we	 should	
examine	solid	and	dashed	black	lines:	the	line	that	passes	above	indicates	the	main	arm	
affected	 by	 VF.	 In	 the	 case	 of	 subject	 1,	 VF	 mainly	 influences	 left	 arm	 activation	
coefficients	in	all	movements	(Figure	63A-D)	except	in	elbow	flexion	and	extension	in	













In	 general	 terms,	 unlike	 in	 the	 case	 of	muscles	 synergies,	 the	 effect	 of	 VF	 in	
activation	coefficients	 is	more	consistent	across	movements.	VF	 tends	 to	bring	 right	
and	 left	 arm	 activation	 coefficients	 closer.	 That	 is,	 VF	 tends	 to	 decrease	 ILD	 (or	 to	
increase	ILS).	This	effect	is	observed	in	most	subjects,	for	clear	references	see	Figure	








lines	along	time	 indicating	 that	VF	 is	 taking	 its	effect	on	 left	arm	motor	control.	See	




68B):	dashed	black	 lines	pass	 above	 solid	black	 lines	 indicating	 that	 in	 this	 cases	VF	
preferentially	affects	the	right	arm	motor	control.	However,	in	this	case,	VF	decreases	





















addition,	 it	 seems	 that	 the	mechanisms	by	which	VF	orchestrates	 the	 tuning	of	 the	
control	structure	is	by	modulating	the	activation	coefficient	of	the	left	arm.	That	is,	the	
effect	of	VF	is	mainly	reflected	on	the	non-dominant	side.	Finally,	we	must	emphasize	


















activation	 coefficients,	 and	 solid	 lines	 are	 left	 activation	 coefficients	 in	 absence	 (red	 lines)	 and	
























































the	 percent	 of	 the	movement-execution	 in	which	VF	 increased/decreased	 ILS	 or	 VF	























L	 R	 L	 R	 	ILS	 		ILS	 	ILS	 		ILS	
S	 M	 H1	 H1	 H2	 H2	 H1	 H1	 H2	 H2	
S1	
	
SAbd	 66%	 24%	 91%	 0%	 66%	 15%	 71%	 27%	
SAdd	 32%	 64%	 40%	 47%	 53%	 47%	 73%	 17%	
SERot	 41%	 29%	 42%	 13%	 41%	 34%	 34%	 44%	
SIRot	 53%	 25%	 61%	 28%	 0%	 67%	 18%	 56%	
EFlex	 21%	 78%	 12%	 86%	 57%	 38%	 0%	 85%	
EExt	 13%	 81%	 27%	 51%	 73%	 22%	 54%	 12%	
S2	
SAbd	 53%	 0%	 39%	 51%	 0%	 54%	 94%	 0%	
SAdd	 56%	 24%	 71%	 11%	 33%	 52%	 67%	 0%	
SERot	 67%	 17%	 87%	 0%	 36%	 51%	 65%	 29%	
SIRot	 43%	 41%	 0%	 88%	 36%	 55%	 0%	 66%	
EFlex	 23%	 52%	 49%	 31%	 21%	 45%	 25%	 68%	
EExt	 0%	 81%	 25%	 43%	 23%	 46%	 65%	 22%	
S3	
SAbd	 36%	 55%	 37%	 33%	 0%	 68%	 22%	 47%	
SAdd	 57%	 21%	 94%	 0%	 20%	 50%	 18%	 81%	
SERot	 45%	 54%	 30%	 45%	 60%	 26%	 11%	 66%	
SIRot	 79%	 0%	 16%	 69%	 85%	 0%	 58%	 39%	
EFlex	 48%	 45%	 23%	 76%	 93%	 0%	 21%	 54%	
EExt	 74%	 26%	 57%	 0%	 52%	 39%	 59%	 0%	
S4	
SAbd	 74%	 16%	 63%	 27%	 0%	 80%	 51%	 27%	
SAdd	 0%	 98%	 51%	 47%	 68%	 27%	 89%	 0%	
SERot	 39%	 52%	 37%	 47%	 70%	 18%	 64%	 34%	
SIRot	 11%	 85%	 62%	 0%	 61%	 29%	 42%	 53%	
EFlex	 16%	 46%	 36%	 36%	 54%	 26%	 27%	 68%	
EExt	 36%	 56%	 13%	 67%	 87%	 11%	 43%	 53%	
S5	
SAbd	 0%	 81%	 43%	 54%	 100%	 0%	 0%	 100%	
SAdd	 42%	 56%	 41%	 40%	 41%	 55%	 0%	 69%	
SERot	 42%	 42%	 99%	 0%	 47%	 20%	 17%	 69%	
SIRot	 88%	 0%	 86%	 12%	 0%	 74%	 32%	 66%	
EFlex	 81%	 0%	 44%	 48%	 51%	 35%	 15%	 68%	
EExt	 33%	 54%	 26%	 67%	 14%	 64%	 32%	 57%	
S6	
SAbd	 0%	 79%	 50%	 27%	 62%	 37%	 53%	 24%	
SAdd	 92%	 0%	 87%	 0%	 60%	 28%	 24%	 63%	
SERot	 44%	 36%	 59%	 21%	 38%	 34%	 96%	 0%	
SIRot	 93%	 0%	 100%	 0%	 0%	 91%	 28%	 70%	
EFlex	 100%	 0%	 31%	 50%	 87%	 12%	 0%	 92%	
EExt	 96%	 0%	 15%	 71%	 35%	 59%	 0%	 72%	
MEAN	(t	%)	 47.06	 39.39	 48.44	 35.72	 45.11	 39.14	 38.00	 47.17	
STD	(time	%)	 29.29	 29.65	 26.92	 26.86	 29.03	 22.74	 28.44	 28.39	
























L	 R	 L	 R	 	ILS	 		ILS	 	ILS	 		ILS	
S	 M	 H1	 H1	 H2	 H2	 H1	 H1	 H2	 H2	
S1	 All	 37.67%	 50.17%	 45.50%	 37.50%	 48.33%	 37.17%	 41.67%	 40.17%	
S2	 All	 40.33%	 35.83%	 45.17%	 37.33%	 24.83%	 50.50%	 52.67%	 30.83%	
S3	 All	 56.50%	 33.50%	 42.83%	 37.17%	 51.67%	 30.50%	 31.50%	 47.83%	
S4	 All	 29.33%	 58.83%	 43.67%	 37.33%	 56.67%	 31.83%	 52.67%	 39.17%	
S5	 All	 47.67%	 38.83%	 56.50%	 36.83%	 42.17%	 41.33%	 16.00%	 71.50%	












(Table	29),	but	 in	 this	case,	 results	are	more	variable	 from	H1	to	H2.	This	variability	






L	 R	 L	 R	 	ILS	 		ILS	 	ILS	 		ILS	
M	 S	 H1	 H1	 H2	 H2	 H1	 H1	 H2	 H2	
SAbd	 A	 38.17%	 42.50%	 53.83%	 32.00%	 38.00%	 42.33%	 48.50%	 37.50%	
SAdd		 A	 46.50%	 43.83%	 64.00%	 24.17%	 45.83%	 43.17%	 45.17%	 38.33%	
SERot	 A	 46.33%	 38.33%	 59.00%	 21.00%	 48.67%	 30.50%	 47.83%	 40.33%	
SIRot	 A	 61.17%	 25.17%	 54.17%	 32.83%	 30.33%	 52.67%	 29.67%	 58.33%	
EFlex	 A	 48.17%	 36.83%	 32.50%	 54.50%	 60.50%	 26.00%	 14.67%	 72.50%	











reveals	 that	 VF	 tends	 to	 behave	 differently	 depending	 on	 the	 joint	 actuated	 in	 the	
movement:	 it	 primarily	 modulates	 left	 arm	 activation	 coefficients	 in	 shoulder	
movements,	while	acting	over	right	arm	during	elbow	movements.	
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15.6 	INTERMANUAL	 TRANSFER	 (IMT)	 IN	 THE	 ACTIVATION	
COEFFICIENTS	
The	results	shown	in	the	subsection	“15.4.2	Quantifying	the	effect	of	VF	on	the	







in	 the	 dominant	 hemisphere	 towards	 the	 nondominant	 hemisphere.	 Evidences	 for	









IMT	 and	 we	 quantify	 their	 occurrence	 during	 the	 execution	 of	 standard	 stroke	
rehabilitation	exercises	of	elbow	and	shoulder.	
15.6.1 Frequency of occurrence of IMT 
In	 the	 first	 place,	we	 analyzed	 the	 frequency	 at	which	 the	 two	 types	 of	 IMT	
considered	here	occur	 in	 the	population,	and	we	compared	 it	with	the	 frequency	at	
which	VF-induced	ILS	(Figure	70).	Frequency	was	defined	as	the	percentage	of	subjects	
		













Bars	 indicate	percentage	of	cases	 in	which	VF	 increased	ILS,	 IMT0	or	 IMTVF.	Green	bars	 indicate	an	
increase	 in	 the	 two	activation	coefficients,	orange	bars	 indicate	an	 increase	 in	only	one	activation	
coefficient	and	red	bars	indicate	a	decrease	in	both	activation	coefficients	
Figure	70	indicates	that	VF	most	frequently	increases	ILS	and	induces	IMT	of	the	





75.00%	and	83.33%	of	the	cases	respectively.	 	Unlike	 ILS,	 IMT	phenomena	were	 less	
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frequently	 found	 in	 both	 activation	 coefficients.	 Instead,	 IMT	 normally	 occurred	 in	
either	one	or	other	activation	coefficient.	
A	 more	 exhaustive	 analysis	 revealed	 that	 the	 scope	 of	 this	 phenomenon.	 In	
41.67%	 of	 the	 cases	 VF	 increases	 the	 ILS	 in	 the	 two	 activation	 coefficients,	 and	 in	
40.25%	of	the	cases	in	just	one	activation	coefficient.	VF	produces	IMT0	(or	IMTVF)	in	





Figure	 71.	 Types	 of	 modulation	 induced	 by	 VF	 in	 the	 activation-coefficients	 –	 representative	
examples.	A	–	Increase	of	ILS	in	both	synergies.	B	-	Increase	of	ILS	in	only	one	synergy.	C	-	Decrease	of	
ILS	in	both	synergies.	Columns	1	and	2	show	the	activation	coefficients	in	absence	and	presence	of	VF	



















found	 in	 absence	 of	 VF	was	 so	 high	 that	 there	was	 little	 scope	 for	 improving	 such	































12.10	±	8.95%;	25.13	±	21.41	%	 respectively),	 it	 varied	 substantially	 from	subject	 to	
subject	and	could	be	up	to	75%	in	certain	subjects.	However,	2-way	ANOVA	indicated	
no	significant	effects	of	subjects	or	movement	in	the	magnitude	of	IMT	(p	>	.05).	Our	




































































we	 found	 in	 previous	 analyses,	 the	 effect	 of	 VF	 varied	 from	 subject	 to	 subject	 and	
movement	to	movement.	In	subjects	1	and	5,	the	use	of	VF	substantially	improved	the	





increase	 found	 in	 absence	 of	 VF	 was	more	 pronounced	 than	 in	 presence	 of	 VF.	 In	
subject	4,	we	found	no	substantial	differences	between	repetitions	and	in	subject	6	the	




equally	 helpful	 the	 use	 of	 VF,	 and	 in	most	 extreme	 cases,	 some	of	 them	 found	 the	
presence	of	VF	disrupting.	
		









of	 the	 upper-limb	 movements.	 The	 following	 lines	 describe	 the	 most	 remarkable	
findings	within	this	section.	It	has	to	be	noted	that	along	the	section	important	inter-
subject	differences	came	up	regarding	the	behavior	of	the	motor	control	and	the	effect	






















§ At	movement-type	 level,	 VF	 is	 especially	 prone	 (1)	 to	 increase	 ILS	
during	 shoulder	 abduction	 and	 adduction,	 (2)	 decrease	 ILS	 during	
shoulder	 rotations	 and	 (3)	 increase	 ILS	 during	 elbow	 flexion	 and	
extension	at	the	level	of	activation	coefficients,	while	decreasing	it	at	
synergy	level.	
- The	 ILS	 of	 activation	 coefficients	 is	 higher	 than	 the	 ILS	 of	muscles	 synergies,	



















- VF	 acts	 over	 the	 left	 activation	 coefficients	 between	 the	 30	 and	 35%	 more	




movements,	 while	 preferentially	 acting	 over	 right	 arm	 during	 elbow	
movements.	
INTERMANUAL	TRANSFER	




the	potential	 to	modulate	 the	 control	 structure	of	 the	dominant	arm,	and	 to	
transfer	this	modified	strategy	to	the	nondominant	arm.	
16.2 	FINAL	REMARKS	





Study	2	|	The	effect	of	VF	in	the	motor	control	 16 | Conclusions (II)	
	
212	
structure	 of	 the	 dominant	 arm,	 and	 to	 transfer	 this	 modified	 strategy	 to	 the	
nondominant	arm.	
Diverse	 performance	 advantages	 have	 been	 attributed	 to	 the	 dominant	 arm	
over	the	nondominant	arm	223,224.	According	to	our	results,	VF	most	frequently	induces	
IMT	 of	 the	 dominant	 activation	 patterns	 to	 the	 nondominant	 arm	 denoting	 an	
important	role	of	this	mechanism	during	VF	at	improving	motor	control.	In	the	domain	
of	 stroke,	 it	 seems	 that	 the	 concept	 of	 dominant	 and	 nondominant	 arm	 should	 be	
reformulated	 to	 unaffected	 and	 paretic	 sides	 respectively	 as	 the	 kinematics	 of	 the	


















to	 investigate	 whether	 this	 is	 a	 fixed	 personal	 constraint,	 or	 conversely,	 whether	
subjects	can	learn	how	to	use	VF	to	modulate	their	control	structure.		
		













together,	 this	 study	 provides	 sound	 physiological	 evidence	 to	 encourage	 the	
incorporation	of	VF	in	the	design	of	new	stroke	rehabilitation	approaches.		
FUTURE	GUIDELINES	

























effective	 interventions.	Several	 studies	have	described	alterations	 in	 the	number	and	
composition	 of	muscle	 synergies.	 However,	 little	 is	 known	 about	 how	 stroke	 affects	
activation	coefficients	or	how	these	findings	can	be	introduced	into	clinical	practice	to	
truly	 benefit	 patients.	 For	 this	 reason,	 and	 taking	 into	 account	 that	 stroke	 most	
frequently	 causes	 unilateral	 motor	 damage,	 we	 propose	 carrying	 out	 an	 integral	
characterization	 of	 the	 entire	 control	 structure	 (muscle	 synergies	 and	 activation	
coefficients)	 of	 patients	 with	 stroke	 and	 identifying	 deviations	 from	 healthy	 control	
structures	that	may	serve	as	objective	biomarkers	of	motor	impairment.	In	this	line,	we	
propose	applying	the	innovative	concept	of	ILS	to	quantify	motor	impairment.	Indeed,	
we	 have	 discovered	 significant	 differences	 between	 the	 ILS	 of	 healthy	 and	 impaired	
subjects.	Thus,	we	have	also	conducted	regression	analyses	with	common	clinical	scales	
(FM	 and	 FIM)	 to	 determine	 whether	 the	 ILS	 can	 discriminate	 between	 motor	
impairment	 severity	 levels.	 Finally,	 in	order	 to	assess	 the	power	of	VF	as	a	potential	
rehabilitation	 tool,	 we	 have	 verified	 whether	 VF	 has	 the	 capacity	 to	 modulate	 the	
control	structure	of	damaged	brains	in	patients	with	stroke.	
	






The	 experimental	 setup	 applied	 in	 this	 study	 is	 described	 in	 section	 7.	
Experimental	protocol	(PART	II.	METHODS).	In	particular,	the	adaptation	of	the	protocol	

















Table	 30	 defines,	 according	 to	 this	 reference	 framework,	 the	 rotation	 axis	 of	
each	movement	pair.	We	also	defined	the	main	displacement	axis,	as	 the	axis	along	
which	the	distal	joint	of	the	upper-limb	(either	the	hand	or	the	finger)	described	larger	








ROTATION	AXIS	 X	AXIS	 Y	AXIS	 Z	AXIS	
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Where,	 n	 is	 the	 number	 of	 positions	 that	 are	 correctly	 detected	 for	 the	 i-th	
marker	and	L	is	the	total	number	of	possible	positions.	
17.4 	DETERMINING	MOVEMENT	ONSET	AND	OFFSET		





We	observed	 that	movements	were	 repeated	every	2-3	 seconds	 (depending	on	 the	
patient),	which	is	equivalent	to	a	frequency	of	0.33-0.5	Hz.	Thus,	the	cutoff	frequency	
of	the	filter	was	set	to	1	Hz.	




every	 movement,	 there	 is	 an	 axis	 along	 which	 there	 is	 no	 movement	 and	 can	 be	
discarded.	Then,	 from	 the	 remaining	 two	axes,	 there	 is	 always	one	along	which	 the	
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17.4.2 Segmentation from velocity 
The	analysis	of	velocity	profiles	to	detect	movement	onset	and	offset	was	only	
used	to	complement	the	information	provided	by	the	position	plots	(see	section	17.4.1	













≤ 1 = 	 ≤? 1 M + ≤≥ 1 M + ≤µ 1 M																		 (	27	)	
	


















dots	 indicate	 the	 time	 points	 that	 were	 considered	 indicative	 of	 the	 onset	 and	 offset	 of	 the	 20	
repetitions	registered	for	each	movement.	
	 	









	 P1	 P2	 P3	 P4	 P5	 P6	
Fugl-Meyer	score	 0.8939	 0.7121	 0.8788	 0.8939	 0.6061	 0.8788	
Motor-FIM	score	 0.7686	 0.9229	 0.9557	 1	 0.9771	 0.9786	
Table	31	Normalized	Fugl-Meyer	and	FIM-motor	scores	of	patients	with	stroke.	Motor-FIM	score	is	
the	score	attained	by	patients	in	the	motor	domain	of	the	FIM.	
The	association	between	variables	was	 tested	using	 linear	 regression	analysis	
and	Pearson’s	Correlation.	Linear	regression	consists	of	finding	the	best-fitting	straight	


















17.5.1 Linear regression 
The	linear	regression	model	used	in	this	study	can	be	expressed	as:	
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17.5.2 Polynomial regression 
In	view	of	 the	spatial	distribution	of	clinical	measures	 in	relation	to	the	 ILS	of	
activation	 coefficients	 measured	 as	 1	 –ILD,	 we	 intuited	 a	 nonlinear	 relationship	
between	 the	 variables.	 Thus,	 we	 modeled	 this	 relationship	 using	 increasing	 grade	
polynomial	regressions.	We	tested	polynomials	of	d	=	2	–	4	degrees,	and	we	selected	
the	second	grade	polynomial	as	the	best	model	to	fit	the	data	without	overfitting	it.	













b − q − 1
	 (	34	)	
17.5.3 Pearson’s correlation 
Pearson’s	correlation,	is	a	type	of	linear	correlation	that	quantifies	the	strength	
of	a	linear	relationship	between	two	variables.	The	advantage	of	using	linear	correlation	
is	 that	 we	 do	 not	 have	 to	 assume	 or	 fit	 a	 specific	 model	 to	 quantify	 the	 linear	
relationship	between	the	two	variables.		
		












of	 activation	 coefficients	 could	 lead	 to	 stroke-like	 EMG	 patterns.	 To	 do	 so,	 we	
synthetically	cross-reconstructed	the	activation	coefficients	(Hx)	that	would	be	needed	
to	 reproduce	 the	 original	 EMG	 patterns	 of	 the	 paretic	 arm	 from	 the	 unaffected	
synergies.	Such	hypothesis	might	be	mathematically	expressed	as:	
	 ∫§ª°N|~*{	 1 = GÄgNuu · 4? 1 							1 = 1… 100	 (	35	)	
Where,	EMGparetic	is	the	EMG	of	the	paretic	muscles,	Wunaff	the	muscle	synergies	
of	 the	unaffected	arm	and	Hx	 is	 the	synthetic	activation	coefficient	 that	we	want	 to	
cross-reconstruct.	 In	 order	 to	 eliminate,	 the	 inherent	 accuracy	 loss	 of	 the	 synergy	
extraction	process	EMGparetic	was	approximated	to:	









I>,ú	 = G>,- · 4?-,ú + 	G>,M · 4?M,ú
⋮






	 æø[¶¿o	1:	G-,- · ∑1i + 	G-,M · ∑2i = 	 	I-,i	
æø[¶¿o	2:	GM,- · ∑1i + 	GM,M · ∑2i = 	 	IM,i	
æø[¶¿o	3:	G¬,- · ∑1i + 	G¬,M · ∑2i 	= 	 	I¬,i	
æø[¶¿o	4:	Gƒ,- · ∑1i + 	Gƒ,M · ∑2i 	= 	 	Iƒ,i	
æø[¶¿o	5:	G∆,- · ∑1i + 	G∆,M · ∑2i 	= 	 	I∆,i	
æø[¶¿o	6:	G«,- · ∑1i + 	G«,M · ∑2i 	= 	 	I«,i	
æø[¶¿o	7:	G…,- · ∑1i + 	G…,M · ∑2i 	= 	 	I…,i	





∑1	(1-) ∑1	(1M) ⋯ ∑1	(1-hh)







n · † − q M











physiologically	 relevant,	 we	 compared	 Vparetic	 with	 the	 cross-reconstructed	 patterns	
(Wunaff	·	Hx)	using	VAF.	This	VAF	was	termed	as	VAFx.	
17.7 	STATISTICAL	ANALYSES	










This	 allows	 finding	 significant	 interactions	 between	 factors:	 subject	 *	 movement,	
subject	*	condition	and	movement	*	condition.	Statistical	significance	was	considered	




Study	3	|	Interlimb	Similarity	in	stroke	patients	 17 | Specific procedures (III)	
	
230	
17.7.2 ILS: Healthy subjects vs Patients with Stroke 
In	order	to	detect	statistical	significance	of	the	ILS	comparisons	between	healthy	
subjects	and	patients	with	stroke,	we	applied	the	Wilcoxon	rank-sum	test.	This	test	is	





belong	 to	 the	 same	 subject.	 Note	 that	 for	 instance,	when	we	 compare	 nVF	 and	VF	
conditions,	 the	 values	 tested	 come	 from	 the	 same	 subject	 who	 is	 performing	 in	
different	experimental	conditions.	





















17.7.3 ILS: no VF vs VF 
We	compared	the	ILS	between	the	right	and	left	arm	of	each	patient	in	absence	
and	presence	of	VF.	To	determine	statistical	significance	of	the	comparisons	we	applied	









17.7.4 ILS: Right-stroke vs left-stroke patients 
In	 order	 to	 statistically	 compare	 the	 subpopulations	 of	 right	 and	 left	 stroke	
patients,	we	applied	the	Wilcoxon	rank-sum	test.	Just	in	the	previous	subsection,	we	
applied	this	 test	because	the	measures	 from	the	two	populations	are	not	 related	to	
each	other,	i.e.,	they	belong	to	different	subjects.	
In	this	case,	each	population	was	comprised	of	3	patients.	Thus,	the	two	datasets	
















































































L	 100	 100	 100	 100	 100	 68.61	 100	 71.31	 100	




L	 100	 100	 100	 100	 100	 100	 100	 100	 100	




L	 100	 100	 100	 100	 100	 13.45	 100	 20.00	 100	






L	 100	 100	 100	 100	 100	 65.72	 99.05	 92.57	 100	




L	 100	 100	 100	 100	 100	 100	 100	 100	 100	




L	 99.59	 100	 100	 99.82	 100	 91.01	 100	 99.99	 100	






	 L	 100	 100	 100	 100	 100	 64.84	 97.22	 99.39	 90.43	




L	 98.90	 100	 100	 100	 100	 100	 100	 100	 89.25	




L	 100	 100	 100	 100	 54.62	 99.85	 22.20	 27.53	 100	






L	 100	 100	 100	 100	 100	 58.48	 95.80	 99.88	 80.64	




L	 100	 100	 100	 100	 100	 100	 99.98	 96.42	 100	




L	 100	 100	 100	 100	 72.66	 100	 100	 61.80	 100	
R	 100	 100	 100	 100	 80.09	 92.70	 100	 100	 100	
Table	32	Quality	of	the	kinematics	recordings	expressed	as	percent	of	recorded	positions.	Conditions	
were	 no	 visual	 feedback	 (nVF)	 /	 visual	 feedback	 (VF);	 movements	 (MOV)	 were	 EFLX	 for	 elbow	


































































	 L	 100	 100	 100	 100	 100	 73.84	 76.32	 90.46	 99.99	




L	 100	 100	 100	 100	 100	 99.99	 95.09	 100	 100	
R	 100	 100	 100	 100	 100	 100	 100	 100	 100	
SR
O
T	 L	 100	 100	 100	 100	 100	 87.32	 79.99	 99.86	 99.22	





	 L	 100	 100	 100	 100	 100	 68.16	 71.55	 96.05	 99.91	




L	 100	 100	 100	 100	 100	 99.97	 75.34	 100	 100	
R	 100	 100	 100	 100	 100	 100	 100	 100	 100	
SR
O
T	 L	 99.07	 99.85	 99.36	 99.99	 100	 89.10	 71.73	 99.54	 99.55	






	 L	 100	 100	 100	 100	 100	 67.22	 99.95	 96.81	 94.47	




L	 100	 100	 100	 100	 100	 100	 100	 100	 100	
R	 100	 100	 100	 100	 100	 99.98	 100	 100	 99.96	
SR
O
T	 L	 100	 100	 100	 100	 100	 94.72	 99.89	 98.80	 99.99	





	 L	 100	 100	 100	 100	 100	 66.07	 71.59	 81.65	 98.86	




L	 100	 100	 100	 99.57	 100	 100	 100	 100	 100	
R	 100	 100	 100	 100	 100	 100	 100	 100	 95.41	
SR
O
T	 L	 100	 100	 100	 100	 100	 93.73	 99.03	 97.59	 99.97	
R	 100	 100	 100	 100	 100	 91.79	 100	 99.46	 100	



































































	 L	 100	 100	 100	 99.72	 99.98	 95.98	 99.96	 94.15	 94.93	




L	 100	 100	 100	 100	 100	 100	 92.24	 99.76	 98.47	
R	 100	 100	 100	 100	 100	 100	 100	 97.81	 100	
SR
O
T	 L	 99.93	 100	 100	 100	 100	 98.91	 100	 99.87	 98.67	





	 L	 100	 100	 100	 100	 99.99	 90.54	 99.88	 96.53	 93.25	




L	 100	 100	 100	 100	 100	 100	 91.42	 97.86	 85.35	
R	 100	 100	 100	 100	 100	 100	 96.68	 70.46	 98.83	
SR
O
T	 L	 100	 100	 100	 100	 100	 94.08	 99.99	 98.75	 99.59	






	 L	 100	 100	 100	 100	 100	 89.46	 99.99	 95.68	 98.03	




L	 100	 100	 100	 100	 100	 100	 100	 100	 100	
R	 100	 100	 100	 100	 100	 100	 97.20	 100	 100	
SR
O
T	 L	 100	 100	 100	 100	 100	 99.06	 100	 99.89	 100	





	 L	 100	 100	 100	 100	 100	 60.40	 94.54	 94.53	 99.28	




L	 100	 100	 100	 100	 100	 100	 99.94	 100	 100	
R	 100	 100	 100	 100	 100	 100	 79.44	 99.85	 99.33	
SR
O
T	 L	 100	 100	 100	 100	 100	 98.83	 99.95	 99.84	 100	
R	 100	 100	 100	 100	 100	 78.05	 90.80	 100	 99.89	
	(cont	3/3)	Quality	of	the	kinematics	recordings	expressed	as	percent	of	recorded	positions.		
	 	










	 P1	 P2	 P3	 P4	 P5	 P6	
MOVEMENT	 A	 B	 C	 A	 B	 C	 A	 B	 C	 A	 B	 C	 A	 B	 C	 A	 B	 C	
I	recognize	the	exercise	 1	 1	 1	 1	 1	 1	 5	 5	 5	 5	 5	 5	 1	 1	 1	 5	 5	 5	
I	had	practiced	the	exercises	before*	 1	 1	 1	 1	 1	 1	 5	 5	 5	 5	 5	 5	 1	 1	 1	 2	 5	 5	
I	found	the	exercise		complex	 1	 1	 1	 1	 1	 1	 3	 4	 1	 1	 1	 1	 1	 1	 1	 1	 5	 1	
I	found	the	exercise		fatiguing	 1	 1	 1	 1	 3	 1	 1	 4	 1	 1	 1	 1	 1	 1	 1	 3	 1	 1	
I	found	the	mirror		helpful	 3	 3	 3	 4	 5	 5	 4	 5	 5	 2	 2	 5	 5	 3	 5	 5	 5	 5	
The	mirror	made	me	lose	the	focus*	 1	 1	 1	 1	 1	 2	 1	 1	 1	 1	 1	 1	 3	 5	 1	 1	 1	 1	
I	 sometimes	 forgot	 to	 look	 to	 the	
mirror*	
5	 5	 5	 5	 3	 4	 5	 4	 5	 5	 5	 5	 3	 4	 4	 4	 5	 5	
I	 tried	 to	 do	movement	 repetitions	 as	
similar	as	possible*	
3	 3	 3	 4	 4	 5	 4	 5	 5	 3	 3	 5	 3	 1	 5	 4	 5	 5	
I	 found	 big	 differences	 between	 the	
executions	 of	 movements	 done	 with	
the	right	or	left	arm*	
1	 1	 1	 5	 5	 5	 5	 5	 4	 1	 1	 3	 2	 5	 5	 5	 5	 3	
DAMAGED	HEMISPHERE	 LEFT		 RIGHT		 RIGHT		 LEFT		 RIGHT	 LEFT		
FUGL	MEYER	SCORE	 59	 47	 58	 59	 40	 58	





















dashed	red	 lines	and	from	patients	with	 left	stroke	with	solid	grey	 lines.	Patients	answered	with	a	
scale	ranging	from	1	to	5,	with	1	meaning	that	they	totally	disagreed	with	the	statements	presented	
and	5	that	they	fully	agreed.	






they	 may	 start	 using	 the	 mirror	 at	 home	 to	 practice	 their	 rehabilitation	 routines.	
Nevertheless,	 it	 has	 to	 be	 said	 that	 in	 general	 patients	 recognized	 not	 paying	 full	
attention	on	 the	movements	or	 on	 the	mirror.	 Indeed,	many	patients	 admitted	not	
being	 able	 to	 concentrate	 at	 their	 full	 capacity	 on	making	movement	 repetitions	 as	
similar	 as	 possible.	 Of	 course,	 this	 is	 a	 circumstance	 to	 take	 into	 account,	 as	 it	
constitutes	 an	 independent	 factor	 that	 could	 introduce	 alterations	 into	 the	 ILS	 not	
related	to	pathological	conditions.	
The	 population	was	 divided	 again	when	we	 interrogated	 about	 the	 interlimb	





















18.3 	CHARACTERIZING	 THE	 CONTROL	 STRUCTURE	 OF	 STROKE	
PATIENTS	
This	 section	 is	 aimed	 at	 presenting	 the	 main	 characteristics	 of	 the	 control	
structure	 in	 patients	 with	 stroke,	 as	 well	 as	 to	 reveal	 some	 aspects	 of	 the	 synergy	
extraction	process	such	as	the	VAF-threshold	related	decisions	or	the	synergy	matching	
process.	
18.3.1 Composition of the control structure and VAF 




+/-	 1.29%	 and	 it	 was	 never	 below	 85%.	 Thus,	 in	 order	 to	 simplify	 the	 comparison	
process	 of	 the	 control	 structures,	 we	 used	 the	 2	 element	 control	 structure	 for	 all	
patients.	
It	has	to	be	highlighted	that	these	exceptions	were	found	in	almost	all	subjects	
but	only	 in	elbow	 flexion	and	shoulder	external	 rotation	movements.	66.67%	of	 the	
cases	were	found	in	absence	of	VF	and	75%	of	the	cases	correspond	to	the	unaffected	
arm.	From	these	results	one	can	expect	a	higher	neuromuscular	complexity	in	elbow	
flexion	 and	 shoulder	 external	 rotation	 movements	 that	 may	 explain	 why	 a	 larger	
number	of	muscle	 synergies	 is	needed	 to	control	 those	movements.	Similarly,	 some	
authors	attribute	to	stroke	a	loss	of	motor	complexity	related	to	couplings	of	shoulder	
and	 elbow	 actions,	 and	 reduced	 ranges	 of	 joint	 motion	 118,119,124.	 Thus,	 it	 seems	
reasonable	to	find	a	larger	number	of	muscle	synergies	to	control	the	unaffected	arm.		 	




Patient	 Condition	 Movement	 Arm	 Paretic/Unaffected	 VAF	
P1	 VF	 EFlex	 Left	 Unaffected	 0.882	
P2	 nVF	 SERot	 Left	 Paretic	 0.892	
P2	 nVF	 EFlex	 Left	 Paretic	 0.887	
P2	 VF	 SERot	 Right	 Unaffected	 0.89	
P4	 nVF	 EFlex	 Left	 Unaffected	 0.857	
P4	 VF	 EFlex	 Right	 Paretic	 0.884	
P5	 nVF	 SERot	 Right	 Unaffected	 0.884	
P5	 VF	 SERot	 Right	 Unaffected	 0.892	
P6	 nVF	 SERot	 Left	 Unaffected	 0.884	
P6	 nVF	 EFlex	 Left	 Unaffected	 0.854	
P6	 nVF	 SERot	 Left	 Unaffected	 0.887	



















represent	 activation	 coefficients	 of	 movements	 performed	 in	 absence	 and	 presence	 of	 VF	
respectively.	Red	lines	are	H1	and	grey	lines	are	H2.	Dotted	lines	correspond	to	left	arm	and	dashed	
lines	to	right	arm	activation	coefficients.	
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18.3.3 Graphical representation of the control structures  



















Figure	 92	 Graphical	 representation	 of	 the	 control	 structure	 of	 PATIENT	 1	 and	 related	 ILS	
measures	PART	2/2:	 shoulder	 internal	 rotation,	 elbow	 flexion	and	elbow	extension.	Bars	are	
muscle	 synergies	 and	 curves	 are	 activation	 coefficients.	 Red	elements	 belong	 to	 the	 control	
structure	of	the	paretic	arm	and	grey	elements	to	the	unaffected	arm.	The	numbers	indicated	
in	each	plot	are	scalar	products	for	muscle	synergies	and	Cross-correlation	coefficient	/	1	-	ILD	














Figure	94	Graphical	 representation	of	 the	 control	structure	of	PATIENT	2	 and	 related	 ILS	
measures	PART	2/2:	See	the	legend	of	Figure	92	for	a	complete	and	detailed	description	of	
the	figure.	














Figure	 96	 Graphical	 representation	 of	 the	 control	 structure	 of	 PATIENT	 3	 and	 related	 ILS	
measures	PART	2/2:	See	the	legend	of	Figure	92	for	a	complete	and	detailed	description	of	the	
figure.	




































Figure	 101	 Graphical	 representation	 of	 the	 control	 structure	 of	 PATIENT	 6	 and	 related	 ILS	
measures	PART	1/2:	See	the	 legend	of	Figure	91	 for	a	complete	and	detailed	description	of	 the	
figure.	
		















arms,	suggesting	that	 the	effect	of	stroke	 is	 reflected	 in	 the	control	structure	of	 the	
paretic	arm.	At	the	level	of	muscle	synergies,	we	observe	a	general	trend	on	the	paretic	
arm	towards	reduced	muscle-weights	compared	to	the	weights	of	the	unaffected	arm.	






shoulder	 adduction	 and	 shoulder	 external	 rotation.	 It	 has	 to	 be	 noted	 that	 the	
activation	coefficients	of	patient	2	show	a	kind	of	vibrations	or	high	frequency	noise	
that	 may	 be	 indicative	 of	 severe	 motor	 disability.	 According	 to	 the	 Henneman’s	
principle,	such	vibrating	patterns	might	be	related	to	muscle	weakness	or	insufficient	
frequency	of	excitation	of	the	motor	units	230.	
The	 last	 remark	 to	do	 in	 these	 figures	 is	 about	 the	utility	of	 cross-correlation	
coefficients	 and	 the	 ILD	 as	 a	 measure	 to	 assess	 similarity	 between	 activation	
coefficients.	From	the	comparison	of	the	shapes	of	right	and	left	activation	coefficients,	
we	can	conclude	that	the	cross-correlation	coefficients	tend	to	overestimate	ILS.	A	clear	
example	 of	 this	 assertion	 can	 be	 found	 in	 Figure	 100	 during	 elbow	 extension	 in	
presence	of	VF.	Right	and	left	H1s	resemble	substantially	less	than	right	and	left	H2s.	
However,	 the	cross-correlation	coefficients	are	very	similar	 in	both	cases	 (0.972	and	
0.973	 for	H1	and	H2	 respectively).	Paretic	H1	describes	a	 sort	of	 convex	 curve	 first,	
followed	by	a	concave	curve,	while	unaffected	H1	describes	a	sort	of	convex	curve.	In	
contrast,	 although	paretic	H2	 is	more	pronounced,	 both	 right	 and	 left	H2s	 describe	
concave	curves.	Such	curves	reveal	the	occurrence	of	diverse	activation	patterns	that	
are	 not	 reflected	 by	 the	 cross-correlation	 coefficient.	 Instead,	 the	 ILD	 (in	 this	 case	
		






































stroke	 is	 to	 decrease	 the	 ILS	 of	 the	 control	 structure.	 Figure	 103E	 shows	 that	 VF	



























	 P1	 P2	 P3	 P4	 P5	 P6	
W1	 0.0313	 0.1563	 0.4375	 0.6875	 0.0938	 0.6875	
W2	 0.5625	 0.4375	 0.5625	 0.8438	 0.5625	 0.8438	
<W1,W2>	 0.0640	 0.1514	 0.2334	 0.9697	 0.9023	 1	
H1	 0.8438	 0.0313	 0.5625	 0.6875	 0.5625	 0.3125	
H2	 0.4375	 0.4375	 0.6875	 1	 0.8438	 0.4375	







the	 effect	 of	 VF	may	 be	 different	 depending	 on	 the	movement	 executed.	 Thus,	we	
grouped	the	ILS	of	each	patient	in	2	groups:	on	the	one	hand,	we	grouped	the	ILS	values	





GROUP	 P1	 P2	 P3	 P4	 P5	 P6	
VF	
↑ILS	
<W1,W2>	 0.5000	 0.5000	 0.0625	 0.1250	 0.2500	 0.0625	
<H1,	H2>	 0.2500	 0.5000	 0.1250	 0.1250	 0.0625	 0.5000	
VF	
↓ILS	
<W1,W2>	 0.0020	 0.0020	 0.3594	 0.1563	 0.0020	 0.0586	





Results	 in	 Table	 36	 reveal	 two	 different	 scenarios.	 On	 the	 one	 hand,	 the	 ILS	
change	in	movements	for	which	VF	increases	ILS	is	not	statistically	significant	indicating	
that	 either	 the	 effect	 of	 VF	 is	 negligible,	 or	 there	 is	 another	 interfering	 factor	 that	
hinders	 achieving	 statistical	 significance.	 On	 the	 other	 hand,	 the	 ILS	 changes	 in	
		

















the	 visual	 information	 shown	 by	 these	 patients	 support	 the	 idea	 that	 the	 right	
hemisphere	is	specialized	in	sensory-mediated	closed-loop	mechanisms.		
18.4.2 Which factors affect the ILS of the control structure? 














in	 all	 cases	 except	 in	 the	 ILS	 of	 H1,	 for	 which	 no	 interaction	 factor	 was	 observed.	
However,	 this	 result	 can	 be	 disregarded	 as	 the	 concatenated	 case	 of	 activation	
coefficients	 ([H1,	 H2])	 include	 the	 interaction	 of	 movement.	 In	 addition,	 in	 the	

















Subject	 0.0615	 5	 0.94	 0.4698	 0.1876	 5	 1.89	 0.1323	
Movement	 0.4249	 5	 6.52	 0.0005	 0.5180	 5	 5.21	 0.0021	
Condition	 0.0219	 1	 1.69	 0.2058	 0.0020	 1	 0.10	 0.7539	
Subj	x	Movem	 0.3081	 25	 0.95	 0.5547	 0.5297	 25	 1.07	 0.4368	
Subj	x	Cond	 0.0522	 5	 0.80	 0.5596	 0.0580	 5	 0.58	 0.7120	
Movem	x	Cond	 0.0192	 5	 0.29	 0.9112	 0.0184	 5	 0.19	 0.9654	
Error	 0.3258	 25	 	 	 0.4967	 25	 	 	
Total	 1.2137	 71	 	 	 1.8104	 71	 	 	



















d.f.	 F	 Prob	>	F	 Sum	of	
Squares	
d.f.	 F	 Prob	 >	
F	
Subject	 0.1941	 5	 2.91	 0.0170	 0.0087	 5	 1.65	 0.1534	
Movement	 0.8661	 5	 13	 0.0000	 0.0109	 5	 2.05	 0.0778	
Condition	 0.0186	 1	 1.4	 0.2401	 0.0014	 1	 1.33	 0.2520	
Subj	x	Movem	 0.5810	 25	 1.74	 0.0288	 0.0219	 25	 0.83	 0.6989	
Subj	x	Cond	 0.0449	 5	 0.67	 0.6446	 0.0060	 5	 1.14	 0.3461	
Movem	 x	
Cond	
0.0273	 5	 0.41	 0.8413	 0.0030	 5	 0.57	 0.7262	
Error	 1.2925	 97	 	 	 0.1026	 97	 	 	

















d.f.	 F	 Prob	 >	
F	
Subject	 0.0110	 5	 1.8	 0.1491	 0.0038	 5	 2.54	 0.0543	
Movement	 0.0106	 5	 1.74	 0.1632	 0.0057	 5	 3.83	 0.0103	
Condition	 0.0033	 21	 2.69	 0.1132	 0.000	 1	 0.06	 0.8022	
Subj	x	Movem	 0.0471	 25	 1.54	 0.1428	 0.0133	 25	 1.8	 0.0745	
Subj	x	Cond	 0.0078	 5	 1.28	 0.3050	 0.0013	 5	 0.89	 0.5005	
Movem	x	Cond	 0.0045	 5	 0.73	 0.6053	 0.0023	 5	 1.56	 0.2066	
Error	 0.0305	 25	 	 	 0.0074	 25	 	 	
Total	 0.1147	 71	 	 	 0.0338	 71	 	 	
Table	39	Results	of	N-WAY	ANOVA	tests	performed	on	ILS	measures	of	activation	coefficients	H1	
and	H2.	Significant	p-values	are	highlighted	in	bold.	d.f.	degrees	of	freedom.	
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ILS	 in	 all	movements	 except	 in	 elbow	 extension	 (if	 the	 ILS	 was	measured	 as	 cross-
correlation	 coefficient,	 Figure	 104H),	 and	 shoulder	 internal	 rotation	 and	 elbow	
		










In	 this	case,	 the	 ILS	of	activation	coefficients	 is	expressed	as	1	–	 ILD	because,	as	we	
observed	in	Figure	104,	the	effect	induced	by	VF	on	ILS	can	be	better	appreciated.	This	
level	 of	 detail	 allows	 identifying	 inter-patient	differences	 from	 the	 average	 trend	of	
each	movement.	Indeed,	the	individual	response	of	patients	to	VF	is	very	variable	even	
for	the	same	movement:	
o During	 shoulder	 abduction	 (Figure	 105),	 the	 effect	 of	 VF	 is	 very	 small.	
However,	P1	and	P4	reduce	their	ILS	of	the	activation	coefficients	due	to	VF,	
whereas	P6	is	able	to	increase	his	muscle	synergies	ILS	with	the	aid	of	VF.	
o During	 shoulder	 adduction	 (Figure	 106),	 the	 effect	 of	 VF	 is	 also	minimal.		














suggesting	 that	 some	 patients	 are	more	 prone	 to	 benefit	 from	 the	 use	 of	 VF	 than	






























































measured	 as	 scalar	 products.	 B	 –	 ILS	 of	 activation	 coefficients	 measured	 as	 cross-correlation	
coefficients.	 C	 –	 ILD	of	 activation	 coefficients	measures	 as	 1	 -	 ILD.	Bars	 are	mean	measures	of	 all	












Indeed,	 when	 we	 compared	 both	 populations,	 significant	 differences	 arose.	




activation	 coefficients	 of	 patients	 with	 stroke	 was	 also	 significantly	 lower	 both	 in	
absence	(p	<	0.05)	and	presence	of	VF	(p	<	0.001).	In	magnitude,	these	differences	were	




the	 ILS	 of	 the	 control	 structure	 tends	 to	 be	 high	 in	 magnitude,	 stroke	 significantly	
decreases	the	ILS	of	the	control	structure,	suggesting	that	ILS	measures	could	constitute	
a	potential	marker	of	hemiparesis.	On	the	other	hand,	these	results	also	indicate	that	
the	 ILD	 is	more	 sensitive	 detecting	 abnormal	 ILS	 of	 activation	 coefficients	 than	 the	
cross-correlation	coefficients	in	patients	with	stroke.	
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18.5.1 Inter-group ILS breakdown: movement by movement 
Given	the	diagnostic	potential	of	the	ILS	revealed	 in	Figure	111	and	the	 inter-
movement	 differences	 shown	 previously,	 we	 considered	 essential	 to	 translate	
movement	effects	to	the	frame	of	the	comparisons	of	the	ILS	of	patients	and	healthy	
















Figure	 112	 shows	 the	 differences	 between	 the	 ILS	 of	 healthy	 subjects	 and	
patients	for	each	movement.	The	ILS	of	activation	coefficients	was	measured	as	1	–	ILD,	
since	 in	 the	 previous	 section	 it	 stood	 out	 as	 the	 most	 relevant	 measure	 to	 reflect	
abnormal	 ILS	 of	 activation	 coefficients.	 The	 movement	 per	 movement	 analysis	
confirmed	 that	 the	 ILS	 is	 generally	 larger	 in	 healthy	 subjects	 than	 in	 patients	 with	
stroke.	 These	 differences	 are	 especially	 meaningful	 during	 shoulder	 rotations	 and	
elbow	 flexion-extension.	 Indeed,	 statistical	 tests	 confirmed	 significance	 in	 the	 ILS	






revision	 of	 the	 result,	 we	 observed	 that	 this	 trend	 inversion	 coincides	 with	 the	
movements	with	the	most	ILS	variability	in	healthy	subjects.	Hence,	in	order	to	discard	
possible	 outlier	 effects,	 we	 analyzed	 the	 data	 distribution	 of	 the	 population	 using	
boxplots	 (Figure	 113).	 Boxplots	 provide	 the	 descriptive	 statistics	 of	 the	 population	
(maximum,	minimum,	median,	quartiles	and	outliers)	and	are	helpful	to	shed	light	on	
this	kind	of	cases.	










In	 effect,	 the	 distribution	 of	 ILS	medians	 of	 patients	with	 stroke	 and	 healthy	
subjects	 confirmed	 that	 the	 exceptions	 described	 in	 the	 trend	 of	 the	 mean	 ILS	
differences	 between	 populations	 during	 shoulder	 abduction	 and	 abduction	 (Figure	
112A-B)	 are	 the	 result	 of	 individual	 outliers	 that	 push	 the	 mean	 of	 the	 healthy	
population	down.	The	boxplots	reveal	that	the	median	ILS	in	healthy	subjects	is	higher	
than	in	patients	with	stroke	in	all	movements.	Note	that,	the	ILS	distributions	of	both	













wider	 ranges	 of	 motion	 that	 offer	 the	 possibility	 to	 create	 more	 complex	 motor	
patterns	and	trajectories.	Regarding	shoulder	abduction	and	adduction,	we	believe	that	
























the	 correlation	between	 the	Fugl-Meyer	 score	and	 the	Motor-FIM	score	 in	order	 to	
figure	out	whether	both	measures	provide	similar	information	or	not.	The	main	reason	












Figure	 114	 shows	 the	 linear	 regression	 between	 Fugl-Meyer	 and	Motor-FIM	
scores.	 At	 first	 sight,	 one	 can	 easily	 observe	 that	 Motor-FIM	 scores	 have	 a	 large	
dispersion	 in	 the	 upper-bound	 of	 the	 Fugl-Meyer	 scale,	 indicating	 a	 poor	 linear	




which	 returned	 a	 correlation	 coefficient	 as	 low	 as	 0.226.	 In	 conclusion,	 from	 these	
results	 we	 can	manifestly	 conclude	 that	 these	 variables	 are	 not	 correlated	 to	 each	
other.	As	a	result,	association	analyses	were	conducted	for	Fugl-Meyer	and	Motor-FIM	
scores	separately.	
The	 data-point	 distribution	 shows	 that	 patients	 with	 high	 Fugl-Meyer	 scores	
might	 present	 various	 independence	 levels,	 as	 indicated	 by	 the	 FIM	measures.	 This	
observation	 highlights	 a	 worrying	 limitation	 of	 the	 Fugl-Meyer	 score	 to	 assess	 the	
motor	capabilities	of	patients	with	good	motor	recovery.	It	must	be	kept	in	mind	that	
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18.6.2 Association between ILS and Fugl-Meyer score 





introducing	a	clear	bias	 to	 the	predictive	capacity	of	 the	 regression.	 In	addition,	 the	




From	 the	 analysis	 of	 Figure	 115,	 we	 have	 to	 highlight	 the	 existing	 linear	
relationship	between	the	Fugl-Meyer	score	and	the	ILS	of	muscle	synergies	recruited	
during	 the	 execution	 of	 elbow	 extension.	 According	 to	 our	 results,	 the	 R2	 of	 this	
relationship	is	0.7039,	which	indicates	that	the	linear	equation	is	able	to	predict	70.39%	
of	 the	 variance	 in	 the	 variable	 ILS	 during	 elbow	 extension.	 For	 the	 rest	 of	 the	
movements	the	linear	relationship	is	rather	weak,	specially	because	patients	with	high	














Figure	 115	 Linear	 regression	 of	 the	 relationship	 between	 Fugl-Meyer	 scores	 and	 ILS	 of	 muscle	
synergies.	Dots	are	(A	–	F)	ILS	values	of	a	subject	for	a	given	movement;	(G)	Mean	ILS	of	all	movements	
±	SD	for	each	subject.	R2	is	the	r-square	value	that	assesses	the	goodness	of	fit	of	the	linear	regression.		



















activation	 coefficients.	 	 In	 consequence,	 the	 Coefficients	 of	 determination	 of	 these	
linear	regressions	were	below	25%,	indicating	that	the	analysis	of	the	ILS	of	activation	















For	 the	 rest	of	 the	movements,	 although	 the	 correlations	are	not	 statistically	
significant,	 one	 can	 observe	 that	 in	 general,	 the	 ILS	 of	 muscle	 synergies	 are	 more	
strongly	 correlated	 to	 the	 Fugl-Meyer	 score	 than	 the	 ILS	 of	 activation	 coefficients.	
Study	3	|	Interlimb	Similarity	in	stroke	patients	 18 | Results and Discussion (III)	
	
286	








MOVEMENT	 r	 p-value	 r	 p-value	
Shoulder	Abduction	 -0.1658	 0.7536	 0.2293	 0.662	
Shoulder	Adduction	 -0.4659	 0.3517	 -0.11	 0.8357	
Shoulder	External	Rotation	 -0.2549	 0.6259	 -0.2642	 0.6129	
Shoulder	Internal	Rotation	 -0.0725	 0.8914	 0.1883	 0.7209	
Elbow	Flexion	 -0.6803	 0.137	 -0.4773	 0.3384	
Elbow	Extension	 -0.8390	 0.0368	 0.4054	 0.4252	
Mean	of	all	movements	 -0.4984	 0.3144	 -0.0749	 0.8878	
Table	 40	 Pearson's	 Correlation	 between	 Fugl-Meyer	 score	 and	 ILS	 of	muscle	 synergies	
(columns	2-3)	or	ILS	of	activation	coefficients	(columns	4-5).	r	is	the	Pearson’s	correlation	
coefficient	 and	 p-value	 is	 the	 associated	 statistic	 of	 the	 test.	 Statistical	 significance	was	
considered	for	p	<	0.05.	Significant	associations	are	highlighted	in	bold.	









Finally,	 it	 has	 to	 be	 noted	 that	 the	 inexistence	 of	 linear	 association	 does	 not	
mean	that	these	variables	are	not	related,	but	only,	that	the	tested	variables	are	not	
linearly	 related.	 Instead,	 these	 variables	 could	 have	 nonlinear	 relationships,	 which	
correlation	analysis	or	 linear	regression	cannot	detect.	 Indeed,	when	we	plotted	the	
Fugl-Meyer	 scores	 versus	 the	 ILS	 of	 activation	 coefficients	 expressed	 as	 1	 –	 ILD	we	
		













increasing.	 This	 trend	 may	 point	 out	 the	 incapacity	 of	 the	 Fugl-Meyer	 score	 to	




















18.6.3 Association between ILS and Motor-FIM score 
Linear	 regressions	 between	 Motor-FIM	 scores	 and	 ILS	 of	 muscles	 synergies	
presented	an	extremely	poor	linear	relationship	between	both	variables,	with	none	of	
the	 determination	 coefficients	 exceeding	 0.7	 (Figure	 118).	 As	 a	 result,	 a	 detailed	
analysis	 of	 the	 spatial	 distribution	 of	 the	 observations	 induced	 us	 to	 consider	 the	
patient	with	the	lowest	FIM	(Motor-FIM	=	0.77)	as	an	outlier,	since	its	location	does	not	
match	 the	 trend	 of	 the	 remaining	 observations.	 However,	 when	 we	 repeated	 the	
analysis	 discarding	 this	 potential	 outlier,	 the	 results	 of	 the	 linear	 regression	did	not	
improve	for	scalar	products	(data	not	shown).	
A	 totally	 different	 scenario	 was	 what	 we	 found	 after	 removing	 the	
aforementioned	outlier	 in	the	case	of	the	activation	coefficients	(Figure	119).	 In	this	
case,	 the	 results	 of	 the	 association	 study	 improved	 substantially	 and	 revealed	 a	




this	 relationship,	 there	 is	 an	 inverse	 relationship	 between	 both	markers.	 That	 is,	 it	
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This	 model	 reinforces	 the	 hypothesis	 that	 during	 rehabilitation	 new	
compensatory	or	adaptive	 strategies	emerge	 in	 the	paretic	arm	that	differ	 from	the	
physiological	motor	function	and	adds	a	2-phase	perspective.	That	is,	according	to	the	
regression,	 it	 is	 presumable	 that	 at	 the	 beginning	 of	 rehabilitation,	 the	 primary	
mechanism	of	 the	nervous	 system	 is	 to	 try	 to	 recover	 the	original	motor	 strategies,	
causing	the	ILS	to	increase.	And	then,	it	seems	that	due	to	brain	damage,	the	ability	to	
fully	 restore	 the	original	motor	 strategy	 is	 limited	 (this	 plateau	possibly	 varies	 from	
subject	to	subject,	depending	on	the	 lesion	size	and	 location).	As	a	result,	 from	that	
moment	on,	the	motor	recovery	explores	novel	paths	to	improve	motor	performance	
causing	 the	 rehabilitation	 progression	 to	 undergo	 a	 phase	 during	 which	 the	 ILS	
decreases.		




the	motor	 system	 that	 should	be	avoided	during	 rehabilitation.	 In	 any	 case,	 further	
research	 is	 needed	 to	 understand	 why	 the	 ILS	 decreases	 when	 the	 functional	
independence	is	almost	maximal.	
Interestingly,	 the	 correlation	 found	 between	 the	 Fugl-Meyer	 score	 and	 the	







between	 the	 ILS	 of	 activation	 coefficients	 expressed	 as	 1	 –	 ILD	 and	 the	Motor-FIM	
scores	outstood	the	remaining	relationships.		 	
		













left	 arm	 inter-subject	 similarity.	 Also,	 ILS	 of	 left	 arm	 activation	 coefficients	 is	more	
variable	than	right	arm	values.	Therefore,	in	view	of	these	facts	we	hypothesized	that	
whether	 the	paretic	arm	 is	 the	dominant	 (left-stroke)	or	nondominant	 (right-stroke)	
arm	of	the	patient	may	affect	his	motor	outcome.	
	
Figure	120	Comparison	of	 the	 ILS	based	on	 the	dominance	of	 the	paretic	arm.	A	–	 ILS	of	muscle	
synergies	measured	as	scalar	products.	B	–	ILS	of	activation	coefficients	measured	as	cross-correlation	
coefficients.	 C	 –	 ILD	of	 activation	 coefficients	measures	 as	 1	 -	 ILD.	Bars	 are	mean	measures	of	 all	
subjects	and	movements	per	database	±	SD.	Grey	bars	belong	to	patients	whose	paretic	arm	is	the	
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We	 discovered	 that	 the	 ILS	 of	 patients	whose	 paretic	 arm	was	 nondominant	
exhibited	substantially	higher	ILS	than	patients	whose	paretic	arm	was	dominant.	This	




























in	 the	 dominant	 side,	 these	 are	 characteristics	 of	 left	 strokes.	 	 Consistent	 to	 this	
observation,	several	authors	reported	that	motor	impairment	differs	depending	on	the	
hemisphere	where	brain	damage	is	located	241.	
Neurophysiological	 evidence	 indicates	 that	 the	 left	 hemisphere	 controls	
bimanual	movements	and	even	fine	motor	tasks	performed	with	either	hand	233.	This	
supposition	was	early	stablished	in	neuroscience.	Already	in	1908,	Liepman	described	
manual	apraxia	as	 the	 inability	of	patients	with	 left-hemisphere	damage	 to	produce	
appropriate	 sequence	 of	movements	 in	 both	 limbs	 despite	 adequate	 sensation	 and	
strength	167.			Our	results	corroborate	these	findings	and	show	that	when	the	damage	
caused	by	stroke	 is	 located	 in	the	 left	hemisphere,	 there	 is	a	general	 loss	of	manual	
coordination	 that	 decreases	 the	 ILS	 more	 than	 only	 if	 the	 right	 hemisphere	 was	
damaged.	 In	 fact,	 early	 studies	 in	patients	with	 intractable	epilepsy	 that	underwent	
callosotomy	 procedure	 report	 that	 these	 patients	 experienced	 difficulty	 producing	






strategy	 in	both	arms,	 i.e.,	 in	neuromuscular	 terms,	a	similar	control	structure.	Such	
hypothesis	 is	 supported	 by	 the	 high	 ILS	 found	 in	 subjects	 with	 no	 neurological	
impairment	together	with	the	larger	drop	of	ILS	found	in	patients	that	have	suffered	a	
left-hemisphere	 stroke.	 Various	 lines	 of	 evidence	 convincingly	 support	 that	 after	
stroke,	 the	 neurons	 on	 the	 healthy	 hemisphere	 assist	 the	 damaged	 zones	 to	
compensate	the	loss	of	function	in	the	affected	hemisphere	244–246.	Thus,	this	finding	
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18.8 	DOES	 THE	 EFFECTIVENESS	OF	VF	DEPEND	ON	THE	DAMAGED	
HEMISPHERE?	
Along	 this	 study,	 we	 have	 cited	 numerous	 references	 to	 the	 asymmetric	
organization	of	motor	control	and	we	have	provided	evidence	that	such	asymmetry	is	
directly	related	with	the	manifestation	of	the	control	structure	and	the	ILS.	In	particular,	
we	 have	 demonstrated	 that	 the	 effect	 of	 VF	 varies	 substantially,	 not	 only	 from	
movement	to	movement,	but	also,	from	patient	to	patient.	Thus,	in	this	subsection,	we	




lesions	(Figure	121).	Results	 indicated	that	the	 ILS	drop	found	 in	patients	with	right-
hemisphere	 lesions	 is	 substantially	 larger	 than	 in	 patients	 with	 left-hemisphere	
damage.	 In	particular,	 the	 ILS	drop	 in	muscle	synergies	was	almost	 two	times	 larger	
(Figure	 121A),	 and	 the	 ILS	 drop	 in	 activation	 coefficient	 was	 3	 times	 larger	 (Figure	
121B).	
		






Wilcoxon	 rank	 sum	 tests	 determined	 that	 none	 of	 these	 differences	 was	
statistically	 significant.	 However,	 again,	 we	 believe	 that	 this	 lack	 of	 statistical	
significance	is	simply	due	to	insufficient	dataset	size	since	the	inter-group	differences	
are	 considerable	 in	magnitude,	 but	 not	 enough	 to	overcome	 the	 large	 inter-subject	
variability.	 Is	 is	 remarkable,	 that	 apart	 from	 clinical	 factors,	 such	 variability	 is	 also	
largely	 influenced	 by	 the	 individual	 attitude	 shown	 by	 patients	 in	 front	 of	 the	
experiment.	We	observed	that	during	the	experiment	some	patients	had	difficulty	to	
maintain	their	level	of	attention	and	even	momentarily	deviated	their	sight	from	the	
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In	 any	 case,	 these	 results	 are	 in	 agreement	 with	 the	 premise	 that	 the	 right	
hemisphere	 plays	 a	 specialized	 role	 in	 sensory	 feedback	 mediated	 error	 correction	
mechanisms	247.	Right	hemisphere	is	required	to	control	movements	when	there	are	





these	patients	 are	not	 able	 to	 appropriately	 process	 and	use	 the	 visual	 information	
provided	by	the	mirror.	
In	effect,	when	we	analyzed	the	VF-induced	changes	movement	by	movement	
(Figure	 122),	 we	 discovered	 that	 right-stroke	 patients	 experience	more	 difficulty	 to	
benefit	 from	 VF	 in	 almost	 all	 movements.	 In	 contrast,	 left-stroke	 patients	 showed	
moderated	capacity	to	use	VF	to	correct	their	movements	during	shoulder	abduction	
(Figure	122A)	and	adduction	 (Figure	122C),	 shoulder	 internal	 rotation	 (Figure	122H)	
and	 elbow	 flexion	 (Figure	 122J).	 Surprisingly,	 during	 certain	 movements	 such	 as	





loop	 control	 mechanisms.	 The	 inability	 of	 right-stroke	 patients	 to	 modulate	 the	
activation	coefficients	due	to	VF	supports	the	 implication	of	 the	right-hemisphere	 in	
processing	 visual	 information	 and	 driving	 sensory-mediated	 error-correction	
mechanisms.	
		




















the	 same	 deficient	 EMG	 patterns	 found	 in	 the	 paretic	 arm	 of	 patients	 with	 stroke	
without	interfering	with	the	muscle	synergies.	To	test	such	hypothesis,	we	synthetically	
cross-reconstructed	 for	 each	 individual	 the	 activation	 coefficient	 Hx	 that	 would	 be	
needed	 to	 obtain	 the	 EMG	 patterns	 of	 the	 paretic	 arm,	 provided	 that	 the	 muscle	
synergies	were	not	affected	by	stroke	(i.e.	we	assumed	that	the	paretic	arm	shared	the	
muscle	synergies	of	the	unaffected	arm.	See	Equation	(	35	)).	
The	mean	 cross-reconstruction	 accuracy	 achieved	 by	 the	 synthetic	 activation	
coefficients	was	very	high	(VAFx		=	96.49	±	2.8%).	That	is,	the	muscle	activity	patterns	
obtained	 by	 linearly	 combining	 the	 unaffected	 muscle	 synergies	 and	 the	 synthetic	
activation	 coefficients	 was	 about	 96.59%	 similar	 to	 the	 muscle	 activity	 patterns	





The	 synthetic	 activation	 coefficients	 were	 then	 compared	 to	 the	 original	
activation	coefficients	of	the	patients	(paretic	and	unaffected	arms).	As	expected,	the	
synthetic	 activation	 coefficients	 were	 more	 similar	 to	 the	 paretic	 arm’s	 activation	
coefficients	 than	 to	 the	original	unaffected	arms.	Such	similarity	between	activation	
coefficients	 was	 quantified	 using	 1	 –	 ILD.	 The	 mean	 similarity	 with	 the	 unaffected	
activation	 coefficients	 was	 86.86	 ±	 4.84%,	 whereas	 with	 the	 paretic	 activation	
coefficients	was	88.23	±	5.99%.		
		


















unaffected	 arm’s	 (Figure	 123A-SERot,	 F-SERot,	 SIRot),	 indicating	 that	 even	 if	 the	




In	 order	 to	 investigate	 the	 relationship	 between	 the	 similarity	 of	 the	 	 synthetic	
activation	 coefficients	 with	 the	 ILS	 of	 the	 original	 control	 structure,	 we	 ran	 several	





VAFx	measures	 the	cross-reconstruction	accuracy	between	 (see	 section	 17.6	 	Cross-
reconstruction,	Equations	(	35	)	and	(	36	)):	
GÄgNuu · 4? 	↔ G° · 4°	
The	fact	that	the	correlation	is	moderate	indicates	that	there	are	other	additional	























p	<	0.01)	between	 the	similarity	of	Hx	and	Hp,	and	 the	 ILS	of	activation	coefficients	
(Figure	124B).	This	indicates	that	the	higher	the	ILS	of	activation	coefficients	(Hp	vs	Hu)	
is,	 the	 more	 similar	 is	 Hx	 to	 Hp.	 A	 priori,	 it	 seems	 that	 the	 lower	 the	 functional	
impairment	 is	 (high	 ILSs),	 the	 higher	 the	 probability	 that	 stroke	 affects	 only	 the	
activation	coefficients,	since	the	synthetic	activation	coefficient	needed	to	reconstruct	







Of	course,	 the	existence	of	nonlinear	 relationships	might	explain	 this	 fact.	However,	
taken	 everything	 together,	 we	 can	 affirm	 that	 stroke	 can	 only	 affect	 activation	
coefficients	 and	 still	 lead	 to	 paretic	 motor	 behaviors,	 but	 we	 cannot	 categorically	

























• Paretic	activation	coefficients	 tend	to	be	 flatter	and	shaped	with	 less	defined	
trends	
	 	








• Half	 of	 the	 patients	 (especially	 left-strokes)	 reported	 feeling	more	 difficulties	
with	 their	 paretic	 arm	 than	with	 the	unaffected	 arm,	whereas	 the	other	half	
reported	no	notable	interlimb	differences.	
• These	 inter-patient	 differences	 constitute	 independent	 factors	 that	
undoubtedly	 condition	 the	 outcome	 of	 the	 motor	 performance	 studies,	 and	
should	be	 taken	 into	consideration	when	 it	 comes	 to	 interpret	 the	 results.	 In	
many	 cases,	 though,	 the	 group	 size	 was	 too	 small	 so	 as	 to	 address	 them	
appropriately.	
ILS	IN	PATIENTS	WITH	STROKE	
• Stroke	 significantly	 reduces	 the	 ILS	 compared	 to	healthy	 subjects	both	at	 the	
level	of	muscle	synergies	and	activation	coefficients	






• The	 ILD	 measure	 is	 a	 more	 useful	 measure	 of	 ILS	 than	 cross-correlation	
coefficients	to	detect	abnormal	motor	patterns	caused	by	stroke	 	
		












































• The	 muscle	 activation	 patterns	 cross-reconstructed	 from	 the	 synthetic	
















In	 this	 study	we	demonstrate	 that	 the	motor	 impairment	 caused	by	 stroke	 is	
clearly	 reflected	 at	 a	 neuromuscular	 level.	 We	 show,	 not	 only	 that	 the	 control	
structures	present	specific	characteristics	such	as	flatter	activation	coefficients	or	lower	
paretic	 muscle	 synergy	 weights,	 but	 also	 that	 stroke	 significantly	 reduces	 the	 ILS	
compared	to	the	ILS	found	in	healthy	subjects.	In	particular,	cross-correlation	studies	
revealed	 that	 by	 only	 affecting	 the	 activation	 coefficients,	 stroke-like	 pathological	
activation	patterns	can	be	reproduced.	However,	from	our	study	we	cannot	rule	out	
that	stroke	can	also	affect	muscle	synergies.		
To	 the	 best	 of	 our	 knowledge,	 this	 is	 the	 first	 time	 that	 the	 ILS	 is	 studied	 in	
patients	with	 stroke,	and	what	 it	 is	more	 interesting,	 the	 first	 time	 that	 it	 shows	 its	
potential	to	understand	neural	damage	and	assess	motor	impairment.	Regarding	the	
first	 application,	 i.e.	 the	 potential	 of	 ILS	 to	 understand	 neural	 damage,	 we	 have	
demonstrated	that	left-strokes	are	characterized	by	a	more	abrupt	ILS	drop	than	right-
strokes,	 providing	 indirect	 support	 for	 those	 theories	 conjecturing	 that	 the	 left-
hemisphere	 is	 involved	 in	mastering	 the	motor	 control	 of	 both	 sides.	 Similarly,	 we	
found	that	right-strokes	experience	more	difficulty	to	increase	their	ILS	using	VF.	Again,	
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In	 addition,	 this	 study	 provided	 evidence	 to	 presume	 a	 quadratic-shaped	
recovery	 process.	 According	 to	 the	 correlation	 models,	 it	 seems	 that	 the	 recovery	
process	can	be	divided	into	two	phases.	During	the	first	phase,	our	brain	activates	the	
mechanisms	to	recover	the	original	motor	strategies	existing	before	the	stroke.	As	a	
consequence,	 the	 ILS	 of	 patients	 increase.	 However,	 at	 a	 given	 point,	 this	 process	
reaches	a	limit,	which	is	probably	dependent	on	the	lesion	size	and	location,	and	from	







Further	 research	 is	needed	 to	 validate	 the	 clinical	potential	of	 the	 ILS.	 In	 this	
regard,	 the	 present	 study	 should	 be	 reproduced	 with	 a	 larger	 database,	 first	 to	
overcome	 the	 huge	 existing	 inter-patient	 variability	 that	 is	 clearly	 affecting	 the	
statistical	 outcome	 of	 our	 results,	 and	 second	 to	 cover	 a	 wider	 range	 of	 motor	
impairment,	 since	 as	 we	 have	 already	 mentioned,	 the	 patients	 that	 constitute	 the	
database	used	in	this	study	are	affected	by	a	mild	to	moderate	motor	impairment	and	
do	not	include	cases	with	low	motor	impairment	scores.	
On	 the	 other	 hand,	 it	 is	 essential	 that	 future	 research	 lines	 integrate	 brain	
imaging	 functional	 studies	 to	 unequivocally	 corroborate	 the	 functional	 role	 of	 brain	
hemispheres	in	motor	control.	Many	of	the	hypotheses	regarding	motor	control	that	






















level.	 In	 consequence,	 there	 is	a	wide	variety	of	 studies	 characterizing	 the	kinematic	
behavior	of	stroke	patients.	However,	the	vast	majority	of	these	studies	focus	on	goal-
directed	movements	and	ignore	the	individual	kinematic	baseline	set	by	the	unaffected	
arm.	For	 this	 reason,	we	have	applied	the	concept	of	 ILS	 into	upper-limb	kinematics.	
Conceiving	the	experimental	design	multimodal	adds	incredible	value	to	the	thesis,	since	
it	 allows	 connecting	 the	 neuromuscular	 function	 (the	 control	 structure)	 with	 the	
functional	outcome	 (upper-limb	kinematics).	 Therefore,	 in	 this	 study	we	characterize	
the	motor	performance	of	stroke	patients	by	comparing	widely-used	kinematic	indices	
between	 the	 paretic	 and	 the	 unaffected	 limb.	 Furthermore,	 we	 introduce	 a	 novel	
approach:	the	interlimb	comparison	of	kinematic	curves,	that	allow	us	assessing	global	
kinematic	 patterns.	 Using	 these	 techniques,	 we	 have	 discovered	 significant	 ILS	
differences	between	impairment	severity	levels,	which	again	have	been	tested	through	










The	 kinematic	 analysis	 developed	 here	 assumes	 that	 joint	movement	 is	 pure	
rotation	about	a	fixed	joint	axis	and	disregards	joint	translation.	This	assumption	is	valid	
for	gross-motion	activities	as	the	ones	under	analysis	94.	In	addition,	for	joints	with	two	
and	3	DOFs,	 the	axes	of	 rotation	 for	abduction-adduction,	external-internal	 rotation	
and	flexion-extension,	are	usually	assumed	to	be	orthogonal	 to	each	other,	coincide	
with	the	main	anatomic	axes	and	intersect	at	the	joint	center.	As	a	consequence,	by	
this	 assumption,	 the	 joint	 rotation	 planes	 lie	 in	 the	 anatomic	 planes	 and	 can	 be	
modeled	as	planar	movements.	
20.1.1 Definition of planar motion 
Theoretically,	a	planar	movement	occurs	when	a	plane	figure	moves	in	a	single	

















General	 planar	 motion	 combines	 simultaneous	 rotational	 and	 translational	
motion.	However,	for	the	ease	of	simplification,	we	can	consider	that	the	movements	
under	 analysis	 are	 produced	 by	 pure	 rotational	 movements	 around	 the	 main	 joint	
(Table	41).	
• Shoulder	 abduction-adduction:	 is	 produced	 when	 the	 upper-arm	 rotates	
about	 the	 anteroposterior	 axis	 due	 to	 the	 actuation	 of	 the	 glenohumera	
shoulder	joint	(See	Appendix	D.		Upper-Limb	Joints	And	Muscle	Function	
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20.1.2 Definition of movement geometry 
20.1.2.1 Main	angles	






angle	of	 shoulder	abduction-adduction.	B	–	Main	angle	of	 shoulder	 internal-external	 rotation.	C	–	
Main	angle	of	elbow	flexion-extension.	D	–	Compensatory	angle	of	shoulder	abduction-adduction.	E	
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	Shoulder	 internal-external	 rotation	 is	defined	by	 the	angle	θSErot-IRot	described	
between	the	forearm	and	the	anteroposterior	axis,	where	the	anterioposterior	axis	is	
defined	as	 the	axis	parallel	 to	 the	ground	 that	passes	 through	 the	acromion	 (Figure	
125B).		
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been	 widely	 described	 that	 patients	 with	 stroke	 tend	 to	 develop	 compensatory	
movements	 to	 overcome	 the	 limitations	 imposed	 by	 the	 disease.	 Thus,	 analyzing	
movement	 kinematics	 in	 subjects	 with	 motor	 impairments	 assuming	 geometrically	
ideal	joints	may	be	too	simplistic	and	we	probably	ran	the	risk	of	overlooking	kinematic	
details	that	may	be	relevant	to	determine	the	motor	consequences	of	stroke.		
In	 consequence,	 after	 exhaustive	 examination	 of	 the	 motion	 patterns	 of	
patients,	 we	 identified	 the	major	 compensatory	movements	 performed	 by	 patients	
during	the	experiment	and	we	added	them	to	the	kinematic	analysis	(Figure	125D-F).	
To	study	these	movements,	we	defined	their	corresponding	compensatory	angles.	
During	 shoulder	 abduction-adduction	 patients	 tended	 to	 bench	 their	 trunk	










































Angular	 kinematics	 (or	 rotational	 kinematics)	 concerns	 to	 the	 study	 of	 angle	




















frequency	 of	 6Hz.	 Usually,	 	 the	 cutoff	 frequency	 to	 analyze	 upper-limb	 kinematics	
during	voluntary	movements	is	5-6	Hz148,149,248,249.	Finally,	we	averaged	the	20	cycles	to	
extract	 the	mean	 angular	 evolution	 curve,	 from	which	 angular	 velocity	 and	 angular	
acceleration	curves	were	calculated.	
Angular	velocity	curves	describe	the	rate	of	change	of	angular	displacement	of	













20.1.3 Interlimb similarity measures of angular kinematics 
When	we	studied	the	angular	evolutions	of	the	main	angle	of	each	movement,	




patients	 with	 stroke,	 interlimb	 similarity	 of	 angular	 kinematics	 might	 also	 be	 an	
indicator	of	motor	 impairment.	 In	other	words,	does	the	function	of	the	paretic	arm	
recover	the	kinematic	behavior	of	the	unaffected	arm	as	long	as	it	gets	rehabilitated?	
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20.1.4 Kinematic Indices 
Kinematic	 indices	where	extracted	from	the	set	of	curves	describing	the	angular	
kinematics	of	the	movements:	the	evolution	in	time	of	main	and	compensatory	angles,	




• [I1]	 Movement	 time	 (s):	 time	 measured	 in	 seconds	 elapsed	 from	 the	
movement	onset	to	the	movement	offset	averaged	across	all	repetitions.	
• [I2]	Mean	 instant	 variability	 (deg):	 angle	 variability	 expressed	 in	 degrees	
averaged	across	the	100	interpolated	time-points.	The	angle	variability	was	
measured	in	each	time-point	as	the	standard	deviation	of	all	repetitions.	
• [I3]	 Maximum	 main	 angle	 (deg):	 maximum	 angle	 expressed	 in	 degrees	
achieved	during	the	main	movement		










• [I7]	 Peak	 angular	 velocity	 (deg/cycle	 percent):	maximum	 angular	 velocity	
achieved	 during	 the	main	movement	 in	 the	 central	 90%*	 fraction	 of	 the	
cycle.			
• [I8]	Mean	 angular	 velocity	 (deg/cycle	 percent):	 angular	 velocity	 achieved	
during	the	main	movement	averaged	along	the	entire	cycle.		
		






• [I9]	 Peak	 angular	 acceleration	 (deg/cycle	 percent2):	 maximum	 angular	
acceleration	 achieved	 during	 the	 main	 movement	 in	 the	 central	 90%*	
fraction	of	the	cycle.		










the	 trajectory.	 Thus,	 in	 order	 to	 minimize	 errors	 due	 to	 numeric	
computation,	 experimental	 inaccuracies	 or	 kinematic	 marker	 shifts,	 we	
discarded	the	initial	and	last	5%	of	the	cycles.		
	
**	 Kinematic	 features	 related	 with	 angular	 velocity	 were	 expressed	 as	
absolute	 values	 since	 the	 negative	 sign	 in	 this	 case	 only	 indicates	 the	




usually	exhibit	multiple	peaks	 in	 the	velocity	profiles	of	 their	 	hands	as	a	
result	of	movement	segmentation	155.	Therefore,	quantifying	the	number	of	
peaks	is	an	indirect	way	of	measuring	movement	segmentation.	 	













simplest	case	 (1	predictor)	 logistic	 regression	applies	 the	 logit	 transformation	to	 the	
response	variable	Y:	
	 ¿ßfiS1	 m = ln
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fit	 to	 the	 data	 if	 it	 improves	 the	 null	 model	 (also	 called	 intercept-only	
model).	We	considered	 that	 if	 the	p-value	of	 the	 likelihood	 ratio	and	 the	
Wald	test	laid	below	the	significance	level		(α	=	0.05),	the	logistic	model	was	
more	effective	than	the	null	model.	
2. Statistical	 tests	 of	 individual	 predictors:	 	 we	 used	 the	 Wald	 chi-square	
statistic	to	determine	whether	the	independent	variables	were	significant	
predictors	(p	<	0.05)	of	the	response	variable.		








In	 order	 to	 study	 the	 effect	 of	 VF	 in	 the	 performance	 of	 the	 upper-limb	 in	
patients	 with	 stroke,	 we	 compared	 the	 angular	 kinematics	 of	 the	 paretic	 limb	 in	
presence	and	absence	of	VF.	Along	this	thesis	we	have	proven	that	the	behavior	of	the	
unaffected	arm	is	a	good	reference	to	assess	the	motor	impairment	of	stroke	patients,	






In	 previous	 studies,	 we	 have	 reported	 a	 relationship	 between	 increased	











curves	 (temporal	 evolution	 of	 the	 main	 angle,	 angular	 velocity	 and	 angular	
acceleration)	using	the	3	ILSK	measures	defined	above:	ILSK	=	{A,	CC,	HD}.	However,	for	
the	 ease	 of	 visualization	 (the	 kinematic	 improvement	 calculated	 through	 the	 3	 ILSK	
measures	threw	differently	scaled	magnitudes	making	the	single-graphic	visualization	











We	 applied	 the	 Wilcoxon	 rank-sum	 test	 to	 compare	 values	 from	 moderate	
versus	 mild	 population	 (unbalanced	 groups).	 In	 contrast,	 we	 applied	 the	 Wilcoxon	
signed-rank	 test	 to	 compare	 values	 from	 paretic	 versus	 unaffected	 arm	 (balanced	










Figure	 127	 shows	 the	 trajectories	 described	 by	 the	 end-effector	 during	
movement	execution.	Also,	the	trajectories	of	acromions	(during	shoulder	abduction-










However,	 this	effect	 is	not	exclusive	of	moderate	 subjects.	 It	 is	 interesting	 to	
observe	that	even	subjects	with	high	FM-UE	scores	have	reduced	ROMs,	as	it	happens	

















(during	shoulder	rotations	and	elbow	flexion-extension).	*Due	to	the	 loss	of	the	 left	 finger-marker	
during	 shoulder	 rotations	 of	 patient	 2,	 we	 replaced	 both	 left	 and	 right	 finger-markers	 by	 the	
corresponding	hand-markers.		
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The	 emergence	 of	 compensatory	 movements	 is	 also	 very	 apparent	 in	 these	
plots.	This	phenomenon	is	also	more	tangible	in	most	impaired	patients.	For	instance,	
note	 the	 huge	 lateral	 motion	 detected	 in	 the	 paretic	 elbow	 of	 P2	 during	 shoulder	






ROM.	 Thus,	 when	 evaluating	 the	 ROM	 of	 a	 movement,	 one	 should	 consider	 the	
contribution	of	the	compensatory	movement.	
21.2 	EVOLUTION	OF	ANGULAR	KINEMATICS	
This	 section	 describes	 the	 angular	 kinematics	 described	 by	 the	 paretic	 and	
unaffected	limbs	of	patients	with	stroke	from	a	qualitative	view.	The	analysis	includes	
the	 evolution	 of	 main	 and	 compensatory	 angles,	 and	 the	 angular	 velocity	 and	
acceleration	of	the	main	angles.	
21.2.1 Main angle evolution 
The	 following	set	of	 figures	 shows	 the	 temporal	evolution	of	 the	main	angles	




only	1	DOF).	Note	that	this	 is	an	 inherent	characteristic	of	human	movement	that	 is	
present	in	the	unaffected	arm	and	apparently	preserved	after	stroke,	in	the	paretic	arm	
as	 it	 has	 been	 demonstrated	 both	 at	 the	 level	 of	 control	 structure	 and	 kinematic	
performance.		
		













Naturally,	 this	 inherent	 variability	 is	 enhanced	 between	 subjects.	 The	 curves	




Needless	 to	 say,	 that	 the	 within-subject	 interlimb	 differences	 are	 also	
qualitatively	 very	 evident.	 For	 instance,	 the	 ROM	 of	 P2	 and	 P6	 during	 shoulder	
abduction-adduction	 (Figure	 128)	 and	 external-internal	 rotation	 is	 larger	 in	 the	
unaffected	arm	(Figure	129).	However,	upon	visual	inspection	it	is	difficult	to	identify	a	
clear	 feature	 that	 differentiates	 the	 paretic	 arm	 from	 the	 unaffected	 arm	 and	 that	
generalizes	 across	 subjects.	 Note	 that	 for	 P3	 and	 P4	 the	 differences	 are	 visually	
inappreciable.	These	observations	reflect	the	need	to	use	quantitative	indices	to	find	
meaningful	interlimb	kinematic	differences.	





evolutions	 of	 each	 of	 the	 6	 patients	 (P1-P6).	 Grey	 curves	 represent	 the	 angle	 evolution	 in	 one	
movement-	 repetition	 and	 colored	 thick	 curves	 represent	 the	mean	of	 all	 repetitions.	 Red	 curves	
correspond	to	the	paretic	arm	and	green	curves	to	the	unaffected	arm.	
		
















Figure	 130	 Main	 angle	 evolution	 of	 ELBOW	 FLEXION-EXTENSION.	 Each	 row	 depicts	 the	 angle	
evolutions	 of	 each	 of	 the	 6	 patients	 (P1-P6).	 Grey	 curves	 represent	 the	 angle	 evolution	 in	 one	
movement-	 repetition	 and	 colored	 thick	 curves	 represent	 the	mean	of	 all	 repetitions.	 Red	 curves	
correspond	to	the	paretic	arm	and	green	curves	to	the	unaffected	arm.	 	
		






21.2.2 Compensatory angle evolution 
The	 following	 set	 of	 figures	 shows	 the	 temporal	 evolution	 of	 the	 major	
compensatory	 angles	 described	 in	 Figure	 125	 during	 shoulder	 abduction-adduction	




relevant	 development	 of	 those	 compensations	 during	 the	 execution	 of	 the	 main	
movements.	Thus,	we	do	not	reflect	the	results	here.	
As	it	happened	with	the	main	angles,	the	evolution	of	the	compensatory	angles	
varies	 substantially	 from	 subject	 to	 subject.	 In	 this	 case,	 there	 is	 also	 a	 remarkable	
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specially	 during	 shoulder	 abduction-adduction	 (for	 instance	 P3,	 P4	 and	P5	 in	Figure	
131).	
It	 also	 seems	 that	 the	 magnitude	 of	 the	 compensatory	 movements	 may	 be	
related	 with	 the	 severity	 of	 motor	 impairment.	 	 Indeed,	 as	 highlighted	 above,	 the	
maximal	 compensatory	 deviations	 are	 displayed	 by	 P5,	 who	 is	 the	 most	 impaired	
patient	according	to	the	FM-UE	scale.		In	light	of	these	observations,	one	may	set	out	
whether	 the	emergence	of	 compensatory	movements	 respond	 to	a	 transient	motor	
strategy	that	may	be	attenuated	as	long	as	motor	recovery	progresses.	
	













Figure	 132	 Elbow	 retraction	 angle	 -	 compensatory	 angle	 evolution	 of	 SHOULDER	 EXTERNAL-
INTERNAL	ROTATION.	Each	row	depicts	the	angle	evolutions	of	each	of	the	6	patients	(P1-P6).	Grey	
curves	represent	the	angle	evolution	in	one	movement	-	repetition	and	colored	thick	curves	represent	
the	 mean	 of	 all	 repetitions.	 Red	 curves	 correspond	 to	 the	 paretic	 arm	 and	 green	 curves	 to	 the	
unaffected	arm.		 	






angle	 evolution	 in	 one	movement-	 repetition	 and	 colored	 thick	 curves	 represent	 the	mean	 of	 all	
repetitions.	Red	curves	correspond	to	the	paretic	arm	and	green	curves	to	the	unaffected	arm.	 	
		










angular	 acceleration)	 and	 on	 the	 evolution	 of	 the	 compensatory	 angle.	 The	
investigation	 is	 approached	 first	 from	 a	 qualitative	 and	 then	 from	 quantitative	
perspective.	
21.3.1 Qualitative interlimb comparisons 
The	following	set	of	figures	show	the	angular	kinematics	of	shoulder	abduction-
adduction	 (Figure	 134),	 shoulder	 external-internal	 rotation	 (Figure	 135)	 and	 elbow	
flexion-extension	 (Figure	136).	 These	 include	 the	angular	evolution	of	 the	main	and	
compensatory	angles,	and	the	angular	velocity	and	angular	acceleration	of	 the	main	
angles.		
Again,	 the	 differences	 between	 the	 paretic	 and	 unaffected	 arms	 are	 more	



























demonstrate	 that	 the	 3	 movement	 pairs	 under	 analysis	 correspond	 to	 ballistic	
movements	 (i.e.	 biphasic	 movements	 reaching	 maximal	 velocity	 and	 acceleration).	
However,	the	bell	shape	is	less	evident	in	the	paretic	arm,	especially	in	P2,	one	of	the	
most	 severe	 patients.	 As	 a	 matter	 of	 fact,	 the	 velocity	 curves	 of	 preplanned	 goal-
directed	 movements	 are	 	 bell-shaped	 in	 healthy	 subjects	 149,	 while	 stroke	 patients	
usually	exhibit	multiple	peaks	in	their	velocity	profiles		159,251.	In	this	case,	stroke	also	
















force	 production	 and	 very	 brief	 contraction	 times.	 Normally,	 this	 is	 achieved	 by	 a	
triphasic	agonist/antagonist/agonist	muscle	activation	160,260.	Brief,	the	agonist	muscle	
burst	(starter)	is	followed	by	the	antagonist	muscle	burst	(braking	force)	which	is	finally	
followed	by	a	burst	 in	 the	agonist	muscle	 (termination).	 Such	 incapacity	 to	produce	
normal	 ballistic	 movements	 by	 stroke	 patients	 can	 be	 consistently	 attributed	 to	 a	
simultaneous	influence	of	various	well-described	factors	such	as	muscle	weakness	261,	
alterations	 in	 the	 motor	 acceleration	 mechanisms	 169	 or	 the	 abnormal	 coupling	
between	the	agonist	and	antagonist	muscles	262.	
	 	



















mean	 angular	 acceleration	 and	 D,	 H:	 elbow	 retraction	 angle	 of	 shoulder	 external	 rotation	 and	


















21.3.2 Quantitative interlimb comparisons 
We	 employed	 3	 different	 measures	 in	 order	 to	 quantify	 the	 within-subject	
interlimb	 similarity	of	 the	kinematic	 curves	between	 the	paretic	 and	 the	unaffected	
arm:	the	area	between	the	curves,	the	cross-correlation	coefficient	and	the	Hausdorff	
distance	 (HD).	 The	 averages	 of	 these	 measures	 are	 shown	 in	 Figure	 136.	 These	





for	 each	 movement	 (Figure	 136	 -	 1).	 We	 found	 that	 during	 all	 movements,	 the	
differences	between	the	angular	evolution	of	paretic	and	unaffected	limbs	were	larger	
in	the	mild	population.	All	the	3	measures	were	absolutely	consistent	with	this	fact:	the	























limb	 to	 the	 trajectory,	 as	 it	 happens	 during	 shoulder	 abduction-adduction	or	 elbow	
flexo-extension.			
21.3.2.3 Evolution	of	the	angular	acceleration	
	The	 comparisons	 of	 the	 curves	 describing	 the	 evolution	 of	 the	 angular	






that	 (Figure	136	–	G3)	again,	 the	differences	were	very	significant	between	the	 two	
populations	(p	<	0.01).	
We	find	really	appealing	that	while	most	of	the	clinical	scales	that	are	used	to	
assess	 functionality	 and	 impairment	 focus	 on	 position-related	 items	 such	 as	
trajectories,	ROM	or	end-effector	reach,	they	ignore	the	characteristics	that	seem	to	
be	significant	indicators	of	motor	impairment	degree	such	as	velocity	or	acceleration	
profiles.	 In	 this	 sense,	 our	 results	 support	 that	 the	 cross-correlation	 coefficients	 of	
these	 profiles	may	 constitute	 a	 good	 candidate	 to	 build	 new	 and	more	 informative	
indices	of	motor	impairment.	
		














Hausdorff	 distance.	 Normalization	 was	 performed	 with	 respect	 to	 the	 maxima	 of	 each	 {paretic,	
unaffected}	arm	pair.	Wilcoxon	rank-sum	test	was	applied	to	test	the	comparisons	(**	p	<	0.01).	













21.4.1 Paretic vs non paretic arm 
Figure	138	compares	the	mean	kinematic	indices	of	the	paretic	limb	(red	bars)	






that	 (2)	 the	 mean	 angular	 velocity	 is	 significantly	 faster	 in	 the	 movements	 of	 the	
unaffected	limb.	
It	 has	 been	 repeatedly	 reported	 that	during	 reaching	motion,	 stroke	patients	
exhibit	 slower,	 segmented	 and	more	 variable	movements	 restricted	 in	 ROM	 172,251.	
However,	 our	 results	 only	 show	 significant	differences	between	 the	paretic	 and	 the	
unaffected	 arm	 in	 mean	 angular	 velocity	 and	 the	 amplitude	 of	 compensatory	
movements,	 revealing	 no	 significant	 differences	 in	 movement	 variability	 or	
segmentation.	 In	consequence,	 it	 is	possible	 that	such	kinematic	characteristics	only	
apply	to	goal-directed	movements	and	not	to	single-DOF	movements,	as	in	the	case.		
		







Figure	138	 Interlimb	 comparison	of	 kinematic	 indices.	 	 A	 –	Kinematic	 indices	 averaged	across	 all	
subjects	 and	 movements.	 B	 –	 Kinematic	 indices	 averaged	 across	 all	 movements	 and	 grouped	
according	to	the	severity	of	motor	impairment	(Moderate:	FM-UE	∈	[21,50];	Mild:	FM-UE	∈	[51,66]).		
Bars	are	mean	±	SD.	Statistical	significance	was	assessed	using	Wilcoxon	signed-rank	test	(*	p	<	0.05).	
Another	 possibility	 is	 that	 the	 huge	 variability	 shown	 by	 the	 means	 mask	
meaningful	differences	in	the	database.	Such	variability	is	not	only	due	to	the	kinematic	
diversity	of	the	3	movement-pairs	under	analysis,	but	also	because	the	severity	of	the	
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In	 order	 to	 investigate	 the	 potential	 variability	 sources	 affecting	 the	 global	
means	displayed	in	Figure	138,	we	separately	studied	the	kinematic	indices	for	each	of	
		








21.4.2 Linear regressions: Fugl-Meyer score vs Kinematic indices 
Linear	regressions	were	calculated	according	to	the	methods	described	in	Study	
3	 (see	section	17.5	 	Association	analysis	between	 ILS	and	clinical	measures	 ).	 In	 this	
case,	the	criterion	variable	and	the	predictor	variable	were	the	kinematic	index	and	the	
FM-UE	score	respectively	(Figure	139).	Although	the	amount	of	variability	explained	by	






tends	 to	 increase	 with	 motor	 improvement,	 reinforcing	 our	 previous	
hypothesis	 that	 greater	 execution	 times	 during	 relatively	 simple	
movements	 may	 be	 related	 to	 a	 greater	 motor	 control	 capacity	 (and	
greater	ROM).		
• Movement	 instant	 variability:	 the	 mean	 instant	 variability	 (mean	 SD	 of	




fact	 that	 such	 variability	 does	 not	 decrease	 with	 motor	 recovery,	 may	
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indicate	 that	 during	 rehabilitation	 patients	 may	 enter	 a	 continuous	
exploratory	phase	that	does	not	conclude	until	they	relearn	and	fix	optimal	
motor	 strategies.	 Another	 possibility	 is	 that	 according	 to	 optimality	
principles	255,256,266,	because	this	type	of	movements	are	not	goal-directed,	
the	margin	for	variability	is	higher	given	lower	task-relevant	constraints.	
• Maximum	and	ROM	of	main	angle:	 there	 is	 a	 clear	 improvement	 in	 the	
ROM	of	the	main	angles,	specially	during	shoulder	rotations	(Figure	139	C-
D)	 	 and	 elbow	 flexo-extension	 (Figure	 139	 E-F),	 indicating	 that	 motor	
improvement	is	strongly	related	to	increased	mobility.	
• Maximum	and	ROM	of	compensatory	angle:	during	all	movements,	either	
the	 maximum	 or	 the	 ROM	 of	 the	 compensatory	 angle	 is	 reduced	 with	
motor	 improvement.	 This	 behavior	 confirms	 that	 compensatory	
movements	emerge	to	counteract	motor	limitations	and	suggests	that	the	
compensatory	strategy	is	abandoned	as	the	rehabilitation	advances.	
• Peak	 angular	 velocity	 and	 acceleration:	 these	 indices	 seem	 to	 be	 highly	
correlated.	During	shoulder	abduction	-	adduction	and	elbow	flexion,	both	
peaks	decrease	while	during	shoulder	rotations	they	increase.	Note	that	in	
the	 first	 scenario,	 all	 4	 movements	 occurs	 in	 the	 vertical	 axis	 against	
gravity.		
When	 patients	 executed	 these	 movements,	 we	 observed	 that	 the	
movements	were	not	sustained	in	time.	That	is,	when	they	had	to	lift	their	
limb	they	tended	to	give	it	a	high	impulse	to	provide	the	limb	with	enough	
velocity	 to	 reach	 the	 end	 position.	 In	 contrast,	 during	 the	 opposite	
movement,	 they	 tended	 to	 let	 the	 limb	drop,	which	probably	made	 the	
limb	move	faster	than	 it	would	have	 in	absence	of	gravity	 (or	 if	patients	
were	 able	 to	 strength-control	 the	 limb	 descent).	 Consistent	 with	 the	
studies	about	reaching	or	pointing	164,165,	these	observations	induce	us	to	
think	 that	 when	 the	 movement	 occurs	 in	 an	 axis	 different	 to	 gravity,	
increased	velocity	is	a	sign	of	motor	recovery.	
		







mean	 velocity	 decreases	with	motor	 improvement	 (Figure	 139	 A-B,E-F).	
Taken	everything	together,	 it	seems	that	patients	regain	strength	during	
rehabilitation	 and	 recover	 the	 ability	 to	 precisely	 counteract	 the	
acceleration	 exerted	 by	 gravity	 in	 the	 limb.	 Indeed,	 during	 shoulder	
rotations	 in	 which	 the	 height	 of	 the	 limb	 remains	 constant,	 the	 mean	
velocity	increases	with	motor	improvement.	
	













Figure	 139	 	 	 Linear	 regressions:	
Kinematic	 indices	 vs	 Motor	
impairment	 level.	 A	 -	 Shoulder	
abduction,	B	–	Shoulder	adduction,	C	
–	 Shoulder	 External	 Rotation,	 D	 -	
Shoulder	Internal	Rotation,	E	–	Elbow	
flexion,	 F	 –	 Elbow	extension.	Motor	
impairment	level	was	measured	with	
Fugl-Meyer	 –	Upper	 Extremity	 (FM-
UE)	 scores.	 The	performance	of	 the	
paretic	arm	is	indicated	by	red	data-
points	 and	 the	 unaffected	 arm	 by	
green	data-points.	The	pair	of	values	
between	 brackets	 indicate	 the	 R2-
value	of	the	linear	regression	for	the	
paretic	 arm	 dataset	 (red	 text)	 and	




In	 order	 to	 extend	 the	 previous	 section	 and	 assess	 the	 predictive	 value	 of	
kinematic	indices	to	determine	the	severity	of	the	motor	impairment,	we	used	logistic	










on	 functional	 aspects	of	patients	with	motor	deficits	whose	evaluation	 is	practically	
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then	 averaged	 for	 all	 3	 movement	 pairs	 (Figure	 137G).	 This	 last	 step	 is	 important	
because	when	we	separate	the	population	into	moderate	and	mild	groups,	the	sample-






The	 effect	was	 especially	 remarkable	 in	 the	moderately	 impaired	population	during	
shoulder	 abduction	 and	 shoulder	 rotations	 (Figure	 140-1A,	 C,	 D)	 and	 in	 the	 mildly	
impaired	population	during	elbow	flexo-extension	 (Figure	140-1E,F).	Conversely,	 the	
CC	increased	due	to	VF,	consistently	revealing	an	increase	in	the	ILSK.		
Indeed,	 we	 found	 that	 the	 ILSK	 increase	 induced	 by	 VF	 in	 the	 main	 angle	
evolution	and	measured	by	a	decrease	in	HD	was	significant	in	the	moderate	population	
(Figure	140-1G).	Note	 that	although	 the	HD	means	appear	 to	be	very	 close	 to	each	
















the	 moderate	 population,	 especially	 during	 shoulder	 rotations	 (Figure	 140-2C,	 D).	
Conversely,	no	remarkable	differences	were	found	in	the	mild	population	induced	by	
VF.	 Indeed,	we	 found	 that	 overall,	 VF	 significantly	 increased	 the	 ILSK	 in	 the	 angular	
velocity	 profiles	 of	 the	moderate	 population	 (Figure	 140-2G).	 Interestingly,	while	 in	








Finally,	 when	we	 compared	 ILSK	 of	 the	 evolution	 of	 the	 angular	 acceleration	
found	in	presence	of	VF	with	regard	to	the	ILSK	found	in	absence	of	VF,	we	observed	
that	 again,	 the	 effect	 of	 VF	 in	 the	 moderate	 population	 was	 much	 more	 explicit,	
especially	during	shoulder	abduction	and	lateral	rotations	(Figure	140-3C,	D,	E).	For	the	
mild	population	 the	differences	 induced	by	VF	 in	 the	angular	 acceleration	were	not	
remarkable.		
Overall,	the	ILSK	increase	in	angular	acceleration	induced	by	VF	in	the	moderate	
population	 almost	 reached	 significance	 (p	 =	 0.074)	 (Figure	 140-3G).	 In	 fact,	 as	 it	
happened	with	the	angular	velocity,	while	the	differences	between	the	moderate	and	
mild	populations	 in	absence	of	VF	were	significant	 (p	<	0.01),	 the	 introduction	of	VF	
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increased	 the	 ILSK	 levels	 of	 the	moderate	population	 close	 to	 the	 levels	 of	 the	mild	
population,	making	the	differences	statistically	insignificant.	
	
Figure	 140	 ILSK	 measures	 of	 (1)	 main	 angle	 evolution,	 (2)	 angular	 velocity	 and	 (3)	 angular	
acceleration	moderate	in	mild	populations	in	absence	(nVF)	and	presence	(VF)	of	visual-feedback	
during	(A)	shoulder	abduction,	(B)	shoulder	adduction,	(C)	shoulder	external	rotation,	(D)	shoulder	




between	 the	 curves;	 CC	 -	 cross-correlation	 coefficient	 and	 HD	 –	 normalized	 Hausdorff	 distance.	


















plane	where	 flexo-extension	majorly	 occurred.	 This	way,	 patients	 had	only	 a	 partial	
view	of	their	moving	upper-limb	i.e.	they	could	see	the	elevation	and	descent	of	the	
end-effector,	but	not	 the	position	of	 the	elbow	or	 the	orientation	of	 the	 forearm.	 It	
seems	that	this	information	was	not	enough	to	interpret	the	spatial	configuration	the	
ongoing	movement,	nor	to	correct	the	movement	online.	In	consequence,	this	induces	
us	 to	 think	 that	 in	 order	 to	 take	 full	 benefit	 of	 the	 potential	 of	 VF,	 a	 complete	
visualization	 of	 the	 movement	 is	 needed,	 at	 least	 in	 the	 plane	 where	 the	 main	
movement	is	happening.	
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Note	 that	 the	huge	 SD	of	 the	moderate	population	 is	mainly	 due	 to	 the	high	 inter-
movement	differences.	 For	 instance,	 the	 ILSK	 improvement	during	 shoulder	 internal	
rotation	was	40.68	±	43.21%	(Figure	141D1)	while	during	shoulder	adduction	was	only	
0.23	±	0.23%		(Figure	141A1).	Indeed,	during	the	experimental	sessions	certain	patients	











the	 angular	 evolution.	 Nevertheless,	 in	 the	 moderate	 population,	 this	 is	 an	
improvement	 that	 must	 not	 be	 disregarded.	 Again,	 the	 contribution	 of	 VF	 was	
especially	 remarkable	 during	 shoulder	 rotations	 (Figure	 141-2C,D),	 reaching	 a	
maximum	improvement	of	as	much	as	17.49%.		
		









population	and	 -5.31	±	 18.34%	 for	 the	mild	population	 (Figure	141G3).	Once	again,	
shoulder	 rotations	 were	 the	 movement	 pair	 that	 most	 benefited	 from	 VF	 with	 an	
average	 improvement	 of	 74.85	±	 65.58%	 and	 16.89	±	 1.18%	 (external	 and	 internal	
rotations	 respectively,	Figure	 141-3C,D).	 In	 this	 case,	 though,	 elbow	 flexo-extension	
experimented	a	considerable	ILSK	increase	due	to	VF	(	51.43	±	0.00	%	and	31.81	±	0.00	
%	respectively1,	Figure	141-3E,F).		
Because	patients	had	only	 the	coronal	view	available	 to	correct	 their	motion,	

































Taken	 everything	 together,	 it	 seems	 that	 VF	 might	 be	 especially	 helpful	 to	
improve	the	motor	performance	at	the	early	stages	of	rehabilitation,	when	patients	still	
have	 important	 kinematic	 deficits.	 Interestingly,	 the	 VF	 does	 not	 only	 correct	 the	
position	 deviations	 of	 the	 paretic	 arm,	 but	 it	 is	 also	 able	 to	 approach	 the	 angular	























From	 these	 data,	 we	 have	 directed	 the	 analysis	 following	 two	 different	
approaches.	On	the	one	hand,	we	have	compared	the	curves	of	the	angular	kinematics	
(evolution	of	the	main	angle,	angular	velocity	and	angular	acceleration)	between	the	





















o The	magnitude	of	 the	 compensatory	movements	 is	 related	 to	 impairment	
severity	
















































































alterations	of	 the	control	 structure	provoked	by	stroke	deviate	 the	 trajectory	of	 the	
upper-limb	joints	and	induce	slower	movements,	reduced	ROMs	and	the	emergence	of	
compensatory	 movements	 in	 the	 paretic	 arm.	 For	 this	 reason,	 the	 within-subject	
interlimb	 comparison	 of	 the	 kinematic	 features	 turns	 out	 to	 be	 an	 outstanding	
innovative	strategy	to	detect	and	quantify	motor	impairment.		
In	this	sense,	our	results	indicate	that	the	kinematic	interlimb	similarity	(ILSK)	is	
a	 good	 discriminant	 of	 motor	 severity	 levels.	We	 have	 applied	 the	 concept	 ILSK	 to	
compare	 (paretic	 vs	 unaffected	 arm)	 the	 new	 evolution	 of	 kinematic	 curves	 (global	
approach)	and	a	set	of	11	kinematic	 indices	(local	approach).	The	comparison	of	the	
kinematic	curves	 is	a	global	approach,	as	 it	considers	 the	evolution	of	 the	kinematic	
characteristics	 of	 the	 movements	 along	 the	 full	 execution	 time.	 In	 contrast,	 the	
kinematic	indices	highlight	punctual	aspects	of	kinematics	such	as	maximum	velocity	or	
acceleration.	That	is	why	we	refer	to	them	as	a	local	approach.	In	any	case,	we	have	




compare	 the	 kinematic	 performance	 of	 the	 paretic	 limb	 with	 the	 performance	 of	
healthy	subjects,	loosing	any	possibility	to	personalize	the	measures	for	every	patient.	













the	 Fugl-Meyer	 assessment	 scale,	 something	 that	 we	 did	 not	 expect	 was	 the	 low	












that	 motor	 recovery	 produces	 more	 similar	 kinematic	 profiles	 (angular	 trajectory,	







scales	 (as	 other	 clinical	measures	 such	 as	 the	 Barthel	 Index,	modified	 Rankin	 Scale,	
Functional	Independence	Measure…	)	do	not	consider	this	type	of	information.	For	this	
reason,	 this	 new	 approach	 opens	 the	 path	 to	 develop	 innovative	 metrics	 to	







repetitions	 (intra-subject	 variability).	As	 a	 result,	 reaching	 statistical	 significance	has	
become	 a	 difficult	 task	 in	 some	 cases	 due	 to	 insufficient	 sample-size	 issues.	 	 It	 is	
estimated	that	a	size	of	600	to	850	patients	is	needed	to	draw	valid	clinical	conclusions	
about	 stroke	 125,	which	obviously	 is	 not	 attained	 in	most	 studies	 including	 this	 one.	
Therefore,	as	we	have	argued	along	the	study,	it	is	likely	that	insufficient	sample	sizes	
have	 masked	 significant	 differences	 between	 groups.	 As	 a	 result,	 clear	 mean	
differences	reported	 in	our	 findings	should	thoughtfully	considered	relevant	 (even	 if	
they	did	not	reach	significance).	
Along	 this	 line,	 it	 is	 believed,	 that	 subjects	 shape	 their	 own	motor	 strategies	
according	to	their	motor	history	and	experience	268,269.	So,	to	what	point	makes	sense	
to	 treat	 the	 group	 of	 stroke	 patients	 as	 a	 whole,	 instead	 of	 studying	 each	 case	
individually?	 In	 this	 sense,	 the	 interlimb	 comparison	 developed	 here	 are	 more	
meaningful	to	measure	motor	impairment	than	absolute	comparisons	of	presumably	
highly	heterogeneous	groups.	




motor-system	 processing	 errors.	 Another	 good	 way	 to	 limit	 inherent	 intra-subject	
kinematic	variability	is	the	use	of	robotic	devices	that	impose	kinematic	constraints	on	
movement	 execution	 125,270,271.	 In	 addition,	 this	 kind	 of	 solutions	 provide	 anti-
gravitational	 support	 to	 the	 upper-limb,	 reducing	 the	 interference	 that	 the	 effect	
gravity	may	 introduce	 in	 the	 results.	 This	 last	 aspect	 seems	 to	 be	 a	 key	 feature	 as	
indicated	 by	 the	 differences	 observed	 in	 the	 velocity	 and	 acceleration	 patterns	 of	
		






shoulder	 rotations,	 compared	 to	 the	 remaining	 movements	 that	 occurred	 in	 the	
direction	of	gravity.		
Finally,	 we	 evaluated	 the	 impact	 of	 VF	 in	 the	 kinematic	 output	 of	 patients.	




		The	 effect	 of	 VF	 was	 much	 more	 prominent	 in	 the	 moderate	 population	
suggesting	 that	VF	may	be	a	powerful	 tool	 to	boost	 the	efficacy	of	 rehabilitation	 in	
early-intermediate	 stages.	 We	 found	 that	 VF	 contributed	 to	 increase	 the	 ILSK	 of	
moderately	impaired	patients	to	the	levels	found	in	the	mild	group,	which	supports	the	
hypothesis	that	motor	recovery	goes	through	a	series	of	sequential	well-defined	motor	

















remains	pretty	much	 the	 same.	 In	consequence,	 the	urgent	need	 to	 improve	stroke	
rehabilitation	and	find	new	objective	measures	of	motor	 impairment	is	 indisputable.	








motor	 recovery,	based	on	 the	 fact	 that	VF	 is	 able	 to	modulate	neural	plasticity	 and	
improve	motor	performance	85,86.	
In	rough	outlines,	the	major	findings	are	as	follows:		





2. 	VF	 is	 able	 to	 modulate	 the	 control	 structure	 in	 healthy	 subjects	 by	






5. The	 ILS	 has	 sound	 power	 to	 detect	 and	 classify	 motor	 impairment	
grades.	
6. The	 ILS	of	 the	control	structure	offers	 the	neuromuscular	perspective	
that	lack	existing	assessment	scales.	
7. The	kinematic	ILS	can	discriminate	between	severity	levels.	








naturally	 found	 in	 a	 wide	 range	 of	 animals	 272–275	 and	 in	 humans	 111,268,269.	 In	
consequence,	focusing	in	averaged	motor	solutions	is	not	an	optimal	approach	since	
individual	subjects	develop	their	own	motor	solutions	to	solve	neuromotor	problems	
93.	 In	addition,	 the	way	 that	 individuals	 react	 to	stroke	and	motor	 recovery	 is	highly	
variable	across	subjects,	even	if	the	overall	traits	of	the	stroke	are	comparable	276,277.	
As	a	 result,	 trying	 to	develop	global	 standards	 to	measure	motor	deficits	 and	boost	
motor	recovery	may	not	be	an	adequate	approach.	
In	 this	 scenario,	 the	 concept	 of	 interlimb	 similarity	 (ILS)	 offers	 interesting	
advantages	 over	 traditional	 metrics.	 First,	 it	 is	 a	 quantitative	 metric	 that	 does	 not	
		






depend	 on	 the	 subjective	 appreciation	 of	 therapists.	 Second,	 the	 ILS	 is	 fully	




are	 purely	 based	 on	 visual	 observation.	 This	 last	 attribute	 is	 absolutely	 essential	 to	
delve	into	the	understanding	of	the	physiological	processes	underlying	motor	recovery.	
Interestingly,	we	have	proven	that	the	 ILS	of	patients	with	stroke	significantly	
differs	 from	 healthy	 subjects,	 both	 at	 the	 level	 of	 muscle	 synergies	 and	 activation	






a	 powerful	 motor	 impairment	 level	 to	 become	 a	 reliable	 reference	 to	 guide	
rehabilitation	according	to	the	patient’s	own	physiological	features.	In	this	thesis	we	
have	demonstrated	that	using	the	control	structure	of	one	limb,	we	can	reliably	cross-
reconstruct	 the	muscle	 activity	 of	 the	 opposite	 limb	 with	 an	 accuracy	 over	 90%	 in	
healthy	subjects.	Thus,	we	propose	taking	the	control	structure	of	the	unaffected	arm	
as	 a	 reference	 to	 purposely	 guide	 the	 rehabilitation	 of	 the	 paretic	 arm.	 This	 is	
undoubtedly	an	important	advance	in	the	field	of	rehabilitation,	not	only	because	the	
approach	can	be	personalized	to	every	patient	(note	that	we	have	shown	that	not	all	
















ILS.	 In	 particular,	 we	 show	 that	 VF	 induces	 intermanual	 transfer	 (IMT)	 of	 motor	
programs	from	the	dominant	side	to	the	nondominant	side.	In	contrast,	in	patients	with	
stroke,	VF	 is	 able	 to	 increase	 the	 kinematic	 ILS	but	 loses	 its	 ability	 to	modulate	 the	











unwanted	 symptoms	 including	 compensatory	 movements	 172,279,	 delayed-onset	
involuntary	abnormal	movements	280,281	and	ipsilateral	motor	projections	194,282,283.	All	
these	 symptoms	 have	 their	 origin	 in	maladaptive	 neural	 changes	 and	 require	 to	 be	
recognized	 during	 rehabilitation	 to	 suppress	 their	 manifestation	 through	 proper	
		








Apparently,	 not	 all	 subjects	 can	 benefit	 equally	 from	 VF.	 Here	 again,	 inter-
subject	 variability	plays	an	 important	 role.	On	 the	baseline,	 certain	healthy	 subjects	
recognized	that	the	use	of	VF	made	them	lose	the	focus.	Interestingly,	these	were	the	
only	subjects	for	whom	the	effect	of	VF	was	neutral	or	even	deleterious.		It	is	important	
to	 highlight	 that	 subjects	 were	 not	 taught	 to	 use	 VF	 (each	 subject	 entered	 the	
experimental	session	once).	Therefore,	it	is	plausible	that	subjects	may	be	trained	to	
learn	how	to	use	VF	to	enhance	their	rehabilitation.	Indeed,	none	of	the	studied	stroke	




field	 demonstrate	 that	 after	 learning	 optimal	movement	 patterns,	 subjects	 tend	 to	
revert	to	habitual	patterns,	even	if	they	are	suboptimal	286–288.	This	finding	supports	the	








control	 structure	 and	 thus,	 supports	 VF	 as	 a	 promising	 tool	 to	 boost	 stroke	




dependent	plasticity	 is	able	to	turn	the	kinematic	changes	 induced	by	VF	 into	stable	
neuromuscular	 changes.	 Similarly,	 it	 is	 still	 to	 tune	 up	 how	 to	 train	 patients	 to	
effectively	use	VF.		
	FUTURE	WORK	
This	 thesis	offers	a	 series	of	 relevant	and	 innovative	advances	 in	 the	 fields	of	
stroke	 assessment	 and	 neurorehabilitation.	Overall,	 it	 lays	 the	 foundation	 of	 a	 new	
framework	based	on	the	original	concept	of	interlimb	similarity	that	opens	the	path	to	





























	On	 the	 other	 hand,	 the	 severity	 grade	 represented	 in	 this	 study	 is	 biased	
towards	 the	 upper	 bound	 of	 the	 impairment	 scale.	 Our	 database	 lacks	 severely	
impaired	patients	(the	most	severe	patient	exhibited	a	FM	score	of	40/66).	The	reason	
for	that	is	that	the	severe	patients	that	accomplished	the	inclusion	criteria	and	were	
willing	 to	 enroll	 the	 study	 in	 the	 Guttmann	 Institute	 did	 not	 have	 enough	 residual	
motion	 to	 complete	 all	 the	 tasks	 in	 the	 experimental	 session.	 In	 consequence,	 we	
cannot	ensure	that	the	conclusions	drawn	in	this	pilot	study	can	be	extended	to	the	
most	severe	patients.		
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  EDINBURGH HANDEDNESS INVENTORY 
	 Please	indicate	your	preferences	in	the	use	of	hands	in	the	following	activities	


















	 	 	i.		Which	foot	do	you	prefer	to	kick	with?	 	 	
ii.		Which	eye	do	you	use	when	using	only	one?	 	 	
Table	42	Items	of	the	Edinburgh	Handedness	Inventory	
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  FUGL – MEYER SCALE 
		






  FUNCTIONAL INDEPENDENCE MEASURE 
	 ADMISSION	 DISCHARGE	 FOLLOW-UP	
Self-Care	 	 	 	
A. Eating	 	 	 	
B. Grooming	 	 	 	
C. Bathing	 	 	 	
D. Dressing	–	Upper	Body	 	 	 	
E. Dressing	–	Lowe	Body	 	 	 	
F. Toileting	 	 	 	
Sphincter	Control	 	 	 	
G. Bladder	Management	 	 	 	
H. Bowel	Management	 	 	 	
Transfers	 	 	 	
I. Bed,	Chair,	Wheelchairs	 	 	 	
J. Toilet	 	 	 	
K. Tub,	Shower	 	 	 	
Locomotion	 	 	 	
L. Walk/Wheelchair	 	 	 	
M. Stairs	 	 	 	
Motor	subtotal	score	 	 	 	
Communication	 	 	 	
N. Comprehension	 	 	 	
O. Expression	 	 	 	
Social	Cognition	 	 	 	
P. Social	Interaction	 	 	 	
Q. Problem	Solving	 	 	 	
R. Memory	 	 	 	
Cognitive		subtotal	score	 	 	 	
TOTAL	FIM	SCORE	 	 	 	
Table	43	Items	of	the	Functional	Independence	Measure	 	
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  UPPER-LIMB JOINTS AND MUSCLE FUNCTION 








































































1. Selection	 viewer	 |	 Displays	 the	 experimental	 details	 of	 the	 file	 that	 is	 been	
analyzed	 (subject	 ID,	 movement-type,	 movement	 direction,	 arm	 side,	 visual	
feedback	condition).	If	no	file	is	selected,	the	text-boxes	in	this	panel	are	empty.	
2. Load	 EMGs	 |	 Allows	 the	 user	 to	 manually	 select	 the	 folder	 where	 the	 EMG	
recordings	are	stored.		
3. Preprocessing	 Settings	 |	 Allows	 the	 user	 setting	 up	 the	 EMG	 preprocessing	
parameters	(filter	cutoffs,	built-in	filters,	integration	interval,	time	normalization	
length,	 cycle	 alignment	 function).	 In	 this	 step	 it	 is	 important	 to	 indicate	 the	
acquisition	 system	used,	 so	 that	 the	 software	 can	adequately	manipulate	 the	
recording	files.	





































1.2. Exclude	 cycles:	 allows	 user	 to	 exclude	 certain	 cycles	 (or	 movements	
repetitions)	from	the	analysis	
1.3. VAF	 analysis:	 creates	 VAF	 curves	 to	 determine	 the	 optimal	 number	 of	
muscle	synergies	needed	to	explain	the	underlying	modular	structure	
1.4. Activations:	 provides	 ILS	 measures	 between	 selected	 activation	
coefficients	















2.7. Envelopes:	 plots	 final	 envelopes	 that	 are	 input	 for	 synergy	 extraction	
(Figure	143B).		
2.8. Activation:	plots	activation	coefficients	(Figure	143C).	










2.11. Repetition	 vs	mean	 CS:	 plots	 the	 control	 structure	 extracted	 from	
averaging	 EMG	 repetitions	 versus	 the	 control	 structure	 extracted	 from	
individual	EMG	repetitions	and	then	averaging	resulting	control	structures.	
3. Help	|	Redirects	to	a	basic	user	manual	to	use	the	GUI	
4. Debug	|	Activates	debugging	mode	for	developer	purpose	
	
	
